DESIGN AND ANALYSIS OF SODIUM-COOLED FAST REACTOR
SYSTEMS FOR NUCLEAR WASTE MINIMIZATION
by
Ching-Sheng Lin

A Dissertation
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Doctor of Philosophy

School of Nuclear Engineering
West Lafayette, Indiana
May 2018

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Won Sik Yang, Chair
School of Nuclear Engineering, Purdue University
Nuclear Engineering and Radiological Sciences, University of Michigan
Dr. Hany S. Abdel-Khalik
School of Nuclear Engineering, Purdue University
Dr. Anter El-Azab
School of Material Engineering, Purdue University
Dr. Mamoru Ishii
School of Nuclear Engineering, Purdue University
Dr. Taek K. Kim
Department of Nuclear Systems Analysis, Argonne National Laboratory

Approved by:
Dr. Seungjin Kim
Head of the Graduate Program

iii

To Tian, for her continuous technical support and love throughout my PhD journey.

iv

ACKNOWLEDGMENTS

I would like to express my sincere gratitude to Prof. Won Sik Yang for the patient guidance and
advice he has provided throughout my PhD study. Prof. Won Sik Yang has been an excellent
mentor who always puts students’ needs first. I would also like to thank Dr. Hany S. Abdel-Khalik,
Dr. Anter El-Azab, Dr. Mamoru Ishii and Dr. Taek K. Kim for serving on my dissertation
committee.

Special thanks go to Mrs. Jing for numerous discussions on many aspects of this work. I would
like to extend my gratitude to Mr. Puran Deng, Dr. N. E. Stauff, Mr. Jacob Hadar and Mr. Gang
Yang for their supporting calculations in coupled neutron and gamma heating, waste management
performance, reactivity feedback coefficients, and sub-channel thermal-fluidic analysis,
respectively. I would also like to thank the DOE Office of Nuclear Energy’s Nuclear Energy
University Program for sponsor this work.

Finally, special thanks go to my family for their constant source of support and encouragement.

v

TABLE OF CONTENTS

LIST OF TABLES ....................................................................................................................... viii
LIST OF FIGURES ........................................................................................................................ x
LIST OF ABBREVIATIONS ....................................................................................................... xii
ABSTRACT ................................................................................................................................. xiii
1.

INTRODUCTION ................................................................................................................... 1
Background ......................................................................................................................... 1
Nuclear Fuel Cycle ............................................................................................................. 2
1.2.1 Once-through and Full-recycle Fuel Cycles ................................................................ 2
1.2.2 Radioactive Waste Management ................................................................................. 3
1.2.3 Recent Research and Development Activities ............................................................. 5
Fast Reactor Physics and Computational Methods ............................................................. 7
1.3.1 Fast Reactor Physics .................................................................................................... 7
1.3.2 Fast Reactor Computational Methods and Tools....................................................... 11
1.3.2.1 Multi-group cross section generation code MC2-3 ............................................... 12
1.3.2.2 Whole-core diffusion/transport code DIF3D/VARIANT ..................................... 13
1.3.2.3 Fuel cycle analysis code REBUS-3 ...................................................................... 13
1.3.2.4 Pin power reconstruction code RCT ..................................................................... 14
1.3.2.5 Perturbation theory code VARI3D ....................................................................... 14
1.3.2.6 Thermal-hydraulic code SE2-ANL ...................................................................... 14
Objective and Organization of this Dissertation ............................................................... 15

2.

DEVELOPMENT OF REFERENCE FAST REACTOR CORE .......................................... 16
Introduction ....................................................................................................................... 16
SFR Core Concept ............................................................................................................ 17
Design Constrains ............................................................................................................. 18
Computational Methods and Models ................................................................................ 19
Reference LEUBFR Core Design and Performance Characteristics ................................ 21
2.5.1 Point reference design................................................................................................ 21
2.5.2 Transition cycle performance of LEUBFR ................................................................ 24
2.5.3 Equilibrium cycle performance of LEUBFR ............................................................. 27

vi
2.5.4 Kinetic parameters and reactivity coefficients .......................................................... 28
2.5.5 Reactivity control requirements and shutdown margins ........................................... 31
2.5.6 Orifice zoning and thermal margins .......................................................................... 32
3.

SCOPING DESIGN STUDY OF ACCELERATOR DRIVEN SYSTEM ........................... 35
ADS Core Concept ........................................................................................................... 35
Design Objective and Constraints ..................................................................................... 36
Computational Methods and Models ................................................................................ 38
System Point Design and Performance Characteristics .................................................... 39

4.

STUDY ON MINOR ACTINIDES TRANSMUTATION IN LEUBFR WITH

MODERATED TARGET ASSEMBLIES ................................................................................... 43
Selection of Moderator and Fuel Materials ...................................................................... 45
Design Constrains ............................................................................................................. 47
Computational Methods and Models ................................................................................ 48
Target Assembly Design Studies ...................................................................................... 53
Sub-channel Thermal–hydraulic Analysis ........................................................................ 56
Transmutation Performance of LEUBFR with Moderated Target Assemblies ................ 65
5.

DEVELOPMENT OF A PIN DEPLETION METHOD BASED ON VARIANT

TRANSPORT CALCULATION .................................................................................................. 68
Introduction ....................................................................................................................... 68
Method for Pin-wise Flux Reconstruction ........................................................................ 69
5.2.1 Nodal transport solution of VARIANT ..................................................................... 69
5.2.2 Flux reconstruction based on VARIANT solution .................................................... 73
5.2.3 Verification of flux reconstruction scheme ............................................................... 76
Method for Burnup Calculation ........................................................................................ 78
5.3.1 Nuclide transmutation and decay chains ................................................................... 78
5.3.2 Computational method for depletion equations ......................................................... 81
5.3.3 Verification of burnup calculation scheme ................................................................ 83
Modules and Data Management of VAREPD .................................................................. 85
Homogenized Multi-group Cross Section Generation ...................................................... 87
5.5.1 SERPENT code and its cross sections ....................................................................... 87
5.5.2 Verification of cross section treatment ...................................................................... 90

vii
Verification Test of Pin Depletion Method ...................................................................... 92
5.6.1 Description of the test case ........................................................................................ 93
5.6.2 Comparison of steady-state and depletion results ..................................................... 95
Conclusions ..................................................................................................................... 103
6.

COMPARATIVE ANALYSIS OF PROPOSED FUEL CYCLE OPTIONS ..................... 105
First Two-stage SFR/ADS Fuel Cycle Option................................................................ 105
Second Two-stage SFR/ADS Fuel Cycle Option with MA Targets in SFR .................. 110
Single-stage Fast Reactor Option with Homogeneous Recycle of TRU in SFR ............ 114
Comparative Study on Three Fuel Cycle Options .......................................................... 116

7.

SUMMARY, CONCLUSIONS AND FUTURE WORK ................................................... 121
Two-stage Fuel Cycle Overview .................................................................................... 121
System Design Studies .................................................................................................... 121
Development of Pin Depletion Method .......................................................................... 123
Comparison of Fuel Cycle Performance ......................................................................... 124
General Conclusion and Future Work ............................................................................ 125

REFERENCES ........................................................................................................................... 127
PUBLICATIONS ........................................................................................................................ 135

viii

LIST OF TABLES

Table 1.1 Contents of One Metric Ton PWR Spent Fuel (50 GWd/t) ............................................ 3
Table 2.1 Design and Equilibrium Cycle Performance Parameters of Assembly Designs with
Minimum and Maximum Fuel Volume Fractions ........................................................................ 23
Table 2.2 Fuel Cycle Performance Characteristics over 60-Year Lifetime of LEUBFR ............. 27
Table 2.3 Equilibrium Cycle Performance of LEUBFR ............................................................... 27
Table 2.4 Kinetic Parameters and Reactivity Coefficients of LEUBFR and ABR ...................... 29
Table 2.5 Integral Reactivity Parameters for Quasi-Static Reactivity Balance Analysis ............. 30
Table 2.6 Shutdown Margins of Primary and Secondary Control Systems of LEUBFR ............. 32
Table 3.1 Isotopic Composition of External Feed for ADS Blanket ............................................ 38
Table 3.2 Design Parameters of ADS Blanket.............................................................................. 39
Table 3.3 Equilibrium Cycle Performance of ADS Blanket......................................................... 41
Table 3.4 Heavy Metal Mass Flow Rates (kg/year) in Equilibrium Cycle of ADS Blanket ........ 42
Table 4.1 Cross Sections in Thermal (PWR [64]) and Fast (LEUBFR) Systems ........................ 44
Table 4.2 Comparison of Key Parameters for Moderating Materials [65] ................................... 46
Table 4.3 TRU Mass Flow per Cycle in Fuel and Target Assemblies at Equilibrium State of
LEUBFR ....................................................................................................................................... 66
Table 5.1 Reconstructed One-group Flux for MA Pins in Target Assembly ............................... 77
Table 5.2 Branching Ratios in Transmutation and Decay Chains ................................................ 80
Table 5.3 Comparison of Depleted Nuclide Densities (atoms/barn-cm) in Target Assembly ..... 84
Table 5.4 Main Computational Modules of VAREPD ................................................................. 86
Table 5.5 Comparison of k-inf and Running Time (in min.) between SERPENT and MCNP [81]
....................................................................................................................................................... 87
Table 5.6 Deviation in Core Multiplication Factors from SERPENT Results ............................. 91
Table 5.7 Deviations in Assembly Fission Productions from SERPENT Results ....................... 92
Table 5.8 Neutronics Parameters Comparison between VARIANT and SERPENT Results ...... 95
Table 5.9 Comparison of Surface Current between Homogeneous and Heterogeneous
Calculations................................................................................................................................... 98
Table 5.10 Comparison of Power and Reaction Rates in Target Assembly between VARIANT
and SERPENT Calculations ......................................................................................................... 98

ix
Table 5.11 Nuclide Densities (atoms/barn-cm) Obtained from SERPENT Burnup Calculation 100
Table 5.12 Comparison of Depletion Results Calculated with Same Reaction Rates ................ 101
Table 5.13 R.M.S. Deviation in Nuclide Densities (atoms/barn-cm) between
VAREPD_VARIANT-xs(a) and SERPENT Results ................................................................. 101
Table 5.14 R.M.S. Deviation in Nuclide Densities (atoms/barn-cm) Between
VAREPD_VARIANT-xs(b) and SERPENT Results ................................................................. 102
Table 5.15 Comparison of Assembly-averaged Transmutation (atoms/barn-cm) during 12
Months Calculated with REBUS-3, VAREPD, and SERPENT ................................................. 103
Table 6.1 Comparison of the First Two-stage Fuel Cycle Performance Parameters .................. 108
Table 6.2 Mass Flow Data of the First Two-stage SFR/ADS Option (Metric Ton per 100 GWe-yr
at Equilibrium State) ................................................................................................................... 109
Table 6.3 Isotopic Composition of External Feed for ADS in the Second Two-stage SFR/ADS
Option ......................................................................................................................................... 111
Table 6.4 Equilibrium Cycle Performance of ADS in the Second Two-stage SFR/ADS Option
..................................................................................................................................................... 112
Table 6.5 Mass Flow Data of the Second Two-stage SFR/ADS Option (Metric Ton per 100
GWe-yr at Equilibrium State) ..................................................................................................... 113
Table 6.6 Mass Flow Data of Single-stage Fuel Cycle Option (Metric Ton per 100 GWe-yr at
Equilibrium State) ....................................................................................................................... 115
Table 6.7 Comparison of Nuclear Waste Management Parameters for Proposed Fuel Cycle
Options ........................................................................................................................................ 118
Table 6.8 Comparison on Equilibrium Cycle Performance for Proposed Fuel Cycle Options .. 119
Table 6.9 Transmutation Data of Homogeneous and Heterogeneous Recycling Options ......... 120

x

LIST OF FIGURES

Fig. 1.1 Radioactivity vs. Time for PWR Spent Fuel (50 GWd/t) [5] ............................................ 4
Fig. 1.2 Comparison of Neutron Flux Spectra of Fast and Thermal Reactors [25] ........................ 7
Fig. 1.3 Fission Cross Sections of U-235, U-238 and Pu-239 (ENDF/B-VII.1) ............................ 8
Fig. 1.4 Capture Cross Sections of U-235, U-238 and Pu-239 (ENDF/B-VII.1) ........................... 9
Fig. 1.5 Average Number of Neutrons Emitted per Fission (ENDF/B-VII.1) ............................. 10
Fig. 1.6 Inelastic Scattering Cross Sections of U-238, Pu-239 and Na-23 (ENDF/B-VII.1) ....... 10
Fig. 1.7 (n, 2n) Cross Sections of Pu-239, U-238, Na-23 and Fe-56 (ENDF/B-VII.1) ................ 11
Fig. 1.8 Fast Reactor Analysis Code Suit of ANL ........................................................................ 12
Fig. 2.1 Schematic of Proposed SFR/ADS Two-stage Fast Spectrum Fuel Cycle ....................... 17
Fig. 2.2 R-Z Model of 1000 MWt LEUBFR Core Design ........................................................... 20
Fig. 2.3 Radial Core Layout of LEUBFR ..................................................................................... 22
Fig. 2.4 External Uranium Feed vs. Burn Cycle of LEUBFR Core ............................................. 25
Fig. 2.5 U-235 and Plutonium Fissile Inventories vs. Burn Cycle of LEUBFR Core .................. 26
Fig. 2.6 Orifice Zones and Assembly Flow Rates (kg/s) of LEUBFR Core ................................ 33
Fig. 2.7 Maximum 2-Sigma Cladding Inner Wall Temperature (ºC) of LEUBFR Core .............. 34
Fig. 2.8 Minimum 2-sigma Margins to Fuel Melt (ºC) of LEUBFR Core ................................... 34
Fig. 3.1 Radial Layout of ADS Blanket ........................................................................................ 40
Fig. 4.1 Isotopic Composition of MAs Discharged from Each LEUBFR Cycle (wt.%) .............. 43
Fig. 4.2 Transmutation and Decay Chains of TRU ...................................................................... 44
Fig. 4.3 Fission-to Absorption Ratio in Thermal (PWR [64]) and Fast (LEUBFR) Systems ...... 45
Fig. 4.4 High Hydrogen Composition Region of Zirconium-hydride Phase Diagram [67] ......... 46
Fig. 4.5 Total Cross Section of Np-237 Calculated by MC2-3 and MCNP6 ................................ 49
Fig. 4.6 Fission Cross Section of Np-237 Calculated by MC2-3 and MCNP6 ............................. 50
Fig. 4.7 Total Cross Section of Am-241 Calculated by MC2-3 and MCNP6 ............................... 50
Fig. 4.8 Fission Cross Section of Am-241 Calculated by MC2-3 and MCNP6 ............................ 51
Fig. 4.9 Whole-core MCNP6 Model for Base Case with No Target Assembly ........................... 52
Fig. 4.10 Whole-core MCNP6 Model with Moderated Target Assembly .................................... 52
Fig. 4.11 Peak Linear Power after One Irradiation Cycle vs. Moderator Volume Fraction ......... 55
Fig. 4.12 Target Assembly Layout (red: MAs, blue: ZrH1.6, orange: Tc and yellow: CaI2) ........ 56

xi
Fig. 4.13 Assembly Numbering of LEUBFR Core (1/3 Core) ..................................................... 57
Fig. 4.14 Power Distributions (MWt) in LEUBFR Core without (Left) and with Target
Assemblies (Right)........................................................................................................................ 58
Fig. 4.15 Radial Flux Distributions in LEUBFR Core with and without Target Assembly ......... 59
Fig. 4.16 Orifice Zones and Assembly Flow Rates (kg/s) of LEUBFR Core without (Left) and
with Target Assemblies (Right) .................................................................................................... 61
Fig. 4.17 Maximum 2-sigma Cladding Inner Wall Temperatures (ºC) of LEUBFR Core without
(Left) and with Target Assemblies (Right) ................................................................................... 62
Fig. 4.18 Minimum 2-sigma Margins to Fuel Melt (ºC) of LEUBFR Core without (Left) and with
Target Assemblies (Right) ............................................................................................................ 63
Fig. 4.19 Average Pin Bundle Pressure Drop (MPa) of LEUBFR Core without (Left) and with
Target Assemblies (Right) ............................................................................................................ 64
Fig. 4.20 Accumulated MAs and LLFPs vs. Burn Cycle of LEUBFR Core ................................ 67
Fig. 5.1 Pin Numbering Scheme within Target Assembly ........................................................... 76
Fig. 5.2 Transmutation and Decay Chains of Actinides from Uranium to Curium ...................... 79
Fig. 5.3 Two-dimensional LEUBFR Mini-core Layout (LHS: Model A; RHS: Model B) ......... 90
Fig. 5.4 Homogeneous VARIANT/REBUS-3 Model of 2D LEUBFR Mini-core Problem ........ 94
Fig. 5.5 Heterogeneous SERPENT Model of 2D LEUBFR Mini-core Problem ......................... 94
Fig. 5.6 Comparison of Assembly Power Distribution between VARIANT and SERPENT
Calculations................................................................................................................................... 96
Fig. 5.7 Neutron Spectra of Fuel Assembly at Position (4, 1) ...................................................... 97
Fig. 5.8 Neutron Spectra of Moderated Target Assembly ............................................................ 99
Fig. 6.1 Schematic of the First Two-stage SFR/ADS Fuel Cycle Option (U Core, LEUBFR,
before Starting ADS) .................................................................................................................. 106
Fig. 6.2 Schematic of Transition between U/Pu-fueled SFRs in the First Two-stage SFR/ADS
Fuel Cycle Option ....................................................................................................................... 106
Fig. 6.3 Schematic of the First Two-stage SFR/ADS Fuel Cycle Option (Equilibrium State) .. 107
Fig. 6.4 Schematic of Second Two-stage SFR/ADS Fuel Cycle Option (Equilibrium State) .... 111
Fig. 6.5 Schematic of Single-stage Fuel Cycle Option ............................................................... 114
Fig. 6.6 Evolution of Recycled Fuel Composition vs. Burn Cycle of LEUBFR Core ............... 116

xii

LIST OF ABBREVIATIONS

ABR

Advanced Burner Reactor

ADS

Accelerator Driven System

ANL

Argonne National Laboratory

ATW

Accelerator Transmutation of Waste

BOC

Beginning of Cycle

BOEC

Beginning of Equilibrium Cycle

BOL

Beginning of Life

CRAM

Chebyshev Rational Approximation Method

EBR-II

Experimental Breeder Reactor-II

EOC

End of Cycle

EOEC

End of Equilibrium Cycle

EOL

End of Life

HM

Heavy Metal

KERMA

Kinetic Energy Release in Materials

LBE

Lead Bismuth Eutectic

LEU

Low Enriched Uranium

LEUBFR

LEU-fueled Break-even Fast Reactor

LLFPs

Long-lived Fission Products

LWRs

Light Water Reactors

MAs

Minor Actinides

MOL

Middle of Life

MT

Metric Ton

P&T

Partitioning and Transmutation

PLP

Peak Linear Power

PWR

Pressurized Water Reactor

SFR

Sodium-cooled Fast Reactor

SLFPs

Short-lived Fission Products

TRU

Transuranic Elements

VAREPD

a code for VARIANT solution REconstruction and Pin Depletion

xiii

ABSTRACT

Author: Ching-Sheng, Lin. PhD
Institution: Purdue University
Degree Received: May 2018
Title: Design and Analysis of Sodium-Cooled Fast Reactor Systems for Nuclear Waste
Minimization
Major Professor: Won Sik Yang
The primary objective of this study was to develop fuel cycle options that minimize the nuclear
waste generation using sodium-cooled fast reactor systems. In addition, this study aims to develop
a new method that improves the accuracy in analyzing one of the developed options that the
moderated target assembly was loaded in the fast reactor core. This document summarizes the
objectives and lines of work focused on the design studies and performance analyses of transuranic
(TRU) elements transmutation in fast reactor systems, the development of new depletion method,
and the assessment of how well the design meets the objectives.
Two “two-stage” fast spectrum fuel cycle options (Options 1 and 2) were proposed. The first option
is a two-stage fuel cycle option of continuous recycle of Pu in sodium-cooled fast reactor (SFR)
and subsequent burning of minor actinides (MAs) in an accelerator driven system (ADS). The
second option is a two-stage SFR/ADS fuel cycle option with moderated target assemblies
employed in SFR to reduce the amount of MAs to be sent to the second-stage ADS. Design studies
were performed to develop reference designs for the SFR core, an ADS blanket, and a moderated
target assembly. The fuel cycle performance was evaluated based on the mass flow data for a
nuclear fleet of 100 GWe-yr electricity production. For comparison, a single-stage SFR fuel cycle
with homogeneous recycling of TRU was evaluated as well (Option 3).

For the fuel cycle Option 2, the less energetic neutrons in the moderated target assembly enhance
the transmutation performance. It is found that the use of moderated target assemblies in SFR
reduces the number of required second-stage ADS by a factor of six without deteriorating safety
characteristics. However, the reduced mean free path of neutrons in moderated target assembly
presents a potential challenge to the conventional homogenized method used in fast reactor
neutronics analyses. Thus, a pin depletion method based on VARIANT transport solutions was

xiv
developed and implemented in a computer code named VAREPD to exam the fuel inventory
change inside the moderated target assembly.

The verification test result suggests that VAREPD calculation can accurately retrieve the nuclide
density distribution inside the moderated target assembly. The root-mean-square (RMS) error in
the nuclide densities at the end of cycle is 5.5% for Np-237, 3.6% for Pu-238, 4.4% for Pu-239,
3.0% for Cm-242 and 4.1% for Cm-244. The corresponding two-sigma uncertainties of the
reference Monte Carlo solution obtained with the SERPENT code are 0.6%, 1.2%, 1.8%, 1.0%
and 4.4%, respectively. It is also found that both the VAREPD and the homogenized assembly
calculation of REBUS-3 yield reasonably accurate assembly-averaged nuclide densities. It is
concluded that the burnup calculation with homogenized assembly models provides satisfactory
mass flow data for the fuel cycle analysis but the new pin depletion method would be required in
the design optimization and the post irradiation examination, in which an accurate assessment of
temperature and fluence distributions is important.

In summary, analysis results showed that all three proposed fuel cycle options could achieve high
reduction in the nuclear waste generation because of the continuous recycle of the Pu and MAs.
The SFR in the Options 1 and 2 may have a potential benefit from the fuel fabrication and
reprocessing points of view. On the other hand, Option 3 with homogeneous recycle of TRU in
SFR may have the economic advantage over Options 1 and 2. Moreover, co-extraction of Pu and
MAs would reduce the proliferation risk.

1

1. INTRODUCTION

Background
Prediction on the world population suggests a large increase in the future global energy demand.
The challenge in new energy environment is to ensure energy sustainability while paying close
attention to environmental impacts. It is envisioned that a gradual shift in energy policy is going
to happen, away from conventional fossil fuels, which are the major cause of the current climate
change. One of potential energy sources for future is nuclear energy, which continually provides
reliable supplies of electricity with low-carbon emissions. Currently, the nuclear power provides
about 20 percent of total U.S. electricity and this energy produced by nuclear reactors constituted
60 percent of U.S. low-carbon electricity generations [1,2]. However, more than eighty percent of
current nuclear power is produced from thermal reactors, in which only about one percent energy
in mined uranium is used. The low uranium utilization in thermal reactors results in a high
production of nuclear wastes. Concerns about the growing stockpile of nuclear wastes have made
nuclear energy as the most controversial energy option.

One solution for reducing the massive stockpiles of nuclear wastes is the partitioning and
transmutation technology (P&T), which separates actinides and transmutes the long-lived nuclides
to short-lived nuclides for reducing the long term hazard or volume of nuclear wastes. In principle,
every thermal or fast spectrum critical and subcritical systems can be used for transmutation but
decision about which facilities to be used depends on many practical issues such as policy, safety
as well as capital and operating costs. In general, these long-lived nuclides can be more effectively
converted in fast spectrum systems than thermal spectrum systems because neutrons in the fast
energy region have larger fission-to-capture ratio and produce more neutrons in a fission event.

In order to minimize the nuclear wastes, research on fuel cycle options using the sodium-cooled
fast reactor systems is performed in this study. In addition, development of methods for accurately
analyzing the proposed fuel cycle options is another focus of this study. The following content
gives a brief overview of the nuclear fuel cycle, current U.S. nuclear fuel cycle research and
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development activities, and fast reactor physics as well as computational tools for the design of
fast reactors. Thereafter, the objective and organization of this dissertation is presented.

Nuclear Fuel Cycle
1.2.1 Once-through and Full-recycle Fuel Cycles
Once-through fuel cycle is considered “once-through” because the nuclear fuel is removed from
the core and sent to either an interim storage or an ultimate disposal repository after few years
irradiation without any reprocessing. A modified once-through fuel cycle is a one-time
reprocessing scheme, in which the uranium and plutonium are recovered from the spent nuclear
fuel while the minor actinides and fission products are sent to the disposal repository. On the
contrary, for the full-recycle fuel cycle, the spent nuclear fuel is reprocessed and continually used
as a fuel in reactors. During the nuclear fuel reprocessing, radioactive wastes and actinides can be
separated via different technological processes and the compositions of products depend on the
type of spent nuclear fuel and the reprocessing technology. Two of the most common options for
nuclear fuel reprocessing are aqueous separation and pyroprocessing technologies. Aqueous
separation technology evolved from early U.S. defense program for the separation of plutonium
for weapons manufacture [3]. Later, it is used as a standard method of reprocessing spent nuclear
fuel for commercial reactors. On the other hand, the pyroprocessing has been investigated on a
smaller scale and primarily with a focus on the research and development activities.

The once-through fuel cycle is relatively simple and cost-effective. Thus, most of light water
reactors (LWRs) adopt this fuel cycle concept, and some LWRs in Europe adopt the modified
once-through fuel cycle concept, which partially load the mixed oxide fuel in the reactor core. On
the other hand, the full-recycle fuel cycle concept is commonly used for fast reactors due to their
intrinsic nuclear characteristics. This full-recycle fuel cycle has been demonstrated on the
Experimental Breeder Reactor (EBR-II) [4]. The reprocessing facility as part of EBR-II project
reprocessed about 35,000 metallic fuel pins during 1964-1969. This full-recycle fuel cycle concept
significantly increase the fuel utilization and the repository capacity. More research and
development activities for fuel reprocessing are needed to keep the cost down and that would
accelerate the technology transfer from laboratory to industry.

3
1.2.2 Radioactive Waste Management
The fuel just discharged from nuclear reactors is highly radioactive and too hot to be processed
due to the decay of short-lived nuclides. In most cases, spent fuels stay several years in the on-site
wet pool to cool down. As the radioactivity decreases to a certain level, spent fuels are transferred
from wet storage to dry storage. Although the composition of spent fuel varies with fuel burnup
and cooling time, the composition of typical pressurized water reactor (PWR) spent fuel is
presented here as an example. Table 1.1 presents the composition of 1 metric ton PWR spent fuel
(approximately two fuel assemblies) with a burnup of 50 GWd/t. The PWR spent nuclear fuel
consists of about 93.4% uranium, 1.3% plutonium, 0.1% minor actinides (neptunium, americium,
and curium) and 5.2% fission products. Fig. 1.1 shows the radioactivity as a function of time for
the PWR spent fuel with a burnup of 50 GWd/t [5]. Generally, the short-term (tens of years)
radioactivity is dominated by short-lived fission products, such as cesium-137 and strontium-90.
In contrast, actinides dominate the long-term (thousands of years) hazard. As illustrated in Fig. 1.1,
the radioactivity of fission products falls well below the original radioactivity after 200 years. In
the 1,000 year time frame, the radioactivity is dominated by americium-241. Plutonium-239 and
plutonium-240 dominate in the 10,000 to 100,000 year time frame. During this period, some longlived fission products are also presented, such as technetium-99 and iodine-129. Neptunium-237
and uranium-238 dominate the longer-term (millions of years) hazard.

Table 1.1 Contents of One Metric Ton PWR Spent Fuel (50 GWd/t)
Element group
Uranium
Plutonium
MAs

LLFPs

SLFPs

Nuclide

Np
Am
Cm
I-129
Tc-99
Zr-93
Cs-135
Cs-137
Sr-90

Lanthanides
Other stable nuclides

Mass, kg
934.38
12.74
1.03
0.27
0.13
0.27
1.10
1.06
0.58
1.78
0.78
14.8
31.3

Fraction, wt%
93.4
1.3
0.1

0.3

0.3
1.5
3.1
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Fig. 1.1 Radioactivity vs. Time for PWR Spent Fuel (50 GWd/t) [5]
As mentioned above, the spent nuclear fuel has about 93% uranium and 1% plutonium, which can
potentially be used as fuels. The 5% fission products are the major component for the short-term
radioactivity. The 0.1% minor actinides (MAs) dominate the long-term radioactivity. Theoretically,
the long-term radioactivity can be reduced significantly by applying the P&T technology [6]. This
technology involves the physical or chemical partitioning that separates the radioactive wastes into
several waste streams according to levels of radioactivity and transmutes the high-level radioactive
wastes, MAs and long-lived fission products (LLFPs), to other nuclides that are not radioactive or
short-lived fission products (SLFPs). The high-level radioactive wastes can be recycled and
transmuted in nuclear reactors or accelerator-driven systems (ADS). The accelerator transmutation
of waste (ATW) concept has been well studied but it has not yet been commercialized because of
the high capital and operating costs as well as some technical issues in the coupling of sub-critical
reactors and high power particle accelerators. A review of technical considerations related to the
ADS can be found in Reference 7.
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Methods for partitioning and transmutation have been well studied since the 1990s [8]. The physics
details of the transmutation have been presented in Reference 9. The basic idea of the transmutation
is to convert the long-lived nuclides into non-radioactive or short-lived nuclides by neutron
reactions. This can be achieved by both thermal and fast spectrum systems and the efficiency
depends on the neutron cross sections. Generally speaking, fast spectrum systems are desirable for
transmutation considering the neutron economy. A higher chance for fission reactions to take place
when the long-lived nuclides absorbed high-energy neutrons. However, the small cross sections of
high-energy neutrons lead to a large neutron leakage in fast spectrum systems. To utilize neutrons
leaking from the active core, another concept has been developed with moderated target assemblies
in the reflector region. The details of this concept will be discussed in Section 4.
1.2.3 Recent Research and Development Activities
About a decade ago, one of the main activity in fuel cycle research and development is to develop
technologies that can be used to destroy the transuranic (TRU) elements produced by commercial
LWRs. Since then, there has been a renewed interest in fast reactors because fast neutrons are more
favorable for transmutation of nuclear wastes. Several concepts for burner reactors have been
proposed, such as the advanced burner test reactor [10], advanced burner reactor (ABR) [11,12],
sub-critical advanced burner reactor [13], and advanced burner reactor with breed-and-burn
thorium blankets [14]. In parallel with the recent development of fast reactor technology, industrial
funds continuously provide support for thermal reactor research and development, such as the
development of new small modular reactors [15] and technologies that can increase the burnup in
once-through fuel cycles. As mentioned above, most of the current commercial reactors utilize less
than one percent of the energy in the mined uranium. Increasing the burnup of commercial reactor
fuel is beneficial to improve the fuel utilization and to reduce the proliferation risk. However, the
increase of burnup have only the modest improvement in the fuel utilization and the economic
benefits of burnup extension strongly depend on economic conditions [4].

In the past few years, the fuel cycle research and development activities focus on developing
sustainable nuclear fuel cycles and those technologies that support sustainable nuclear fuel cycles.
Considerable effort has been made in the U.S. advanced fuel cycle program towards developing
nuclear fuel cycle strategies that can increase the fuel resource utilization and reduce the nuclear
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waste. The evaluation and screening study [16] is one of those examples of research and
development activities that were devoted to the development of sustainable nuclear fuel cycles.
Following up the evaluation and screening study, research and development activities are
continuously being conducted to provide answers to the questions related to those promising
nuclear fuel cycle options identified by the evaluation and screening study.

A number of recent studies of nuclear fuel cycle [16,17,18] concluded that the continuous recycle
of U/Pu or U/TRU in fast reactors is the key for sustainable nuclear energy in viewing the resource
utilization, radioactive waste disposal, fuel cycle safety, and proliferation-resistance. Recycling of
uranium increases the resource utilization because of the fissile material in the spent nuclear fuel
can be recovered and used as fresh fuel. Recycling of TRU reduces the radioactive actinides to be
sent to the disposal repository, which reduces the radioactive level of nuclear wastes. The resource
utilization can be further enhanced in fast reactors because of the high internal conversion (of
fertile to fissile). Approaches for loading TRU into fast reactors can be divided into two groups:
one is the homogeneous recycle and the other is heterogeneous recycle. In the homogeneous
recycle mode, TRU is recycled in the driver fuel assemblies without partitioning into Pu and MAs
streams. In contrast, Pu and MAs are separately recycled in the driver and target fuel assemblies
in the heterogeneous recycle mode. Details of two recycling modes can be found in Reference 19.

The benefit and feasibility for continuous recycle of U/Pu or U/TRU in fast reactors have been
proved from the physics point of view. However, challenges for implementing these fuel cycle
options include availabilities of the technology and materials, the compatibility with the current
infrastructure, market incentives and financial risks. The major issue for implementing these fuel
cycle options is that the fast reactors rely on recycled U/Pu/TRU fuels from reprocessing facilities,
which currently only available in the laboratory scale instead of the industrial scale. It is predicted
that at least tens of years are required for the full transition from the current fleet of thermal reactors
to the future fast reactors, in which U/Pu and U/TRU are continuously recycled. The challenges
and key factors that might affect the performance of this fuel cycle option during the transition
period are discussed in References 20 and 21. During the transition period, one of alternative
options is the uranium startup fast reactors, in which no reprocessing facilities are required to start
this kind of fast reactor. For uranium start up fast reactors, without any reprocessing of spent
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nuclear fuel, the cost of this fuel cycle option has been demonstrated in an equivalent manner as
the once-through fuel cycle with thermal reactors [22]. Other alternatives would be the ultra-long
life fast reactors [23] and bred-and-burn fast reactors [24], in which the core criticality can be
maintained for several tens of years without refueling. These core concepts were developed under
the assumption that the fuel can withstand the longer radiation exposure than today’s fuels.
Benefits of these kinds of reactors are the cost reduction in operation and maintenance and the
enhanced proliferation resistance.

Fast Reactor Physics and Computational Methods
1.3.1 Fast Reactor Physics
Fast reactor is a class of nuclear reactor in which most fission reactions are caused by high-energy
neutrons. Fig. 1.2 presents the neutron spectra of fast and thermal reactors. Most fission neutrons
in fast reactors remain at the fast energy region while they slow down to intermediate, and thermal
energy regions in thermal reactors due to the presence of light elements. The difference in neutron
spectra makes distinct physical characteristics among fast and thermal reactors [25].

Fig. 1.2 Comparison of Neutron Flux Spectra of Fast and Thermal Reactors [25]
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Fig. 1.3 and Fig. 1.4 show the fission and capture cross sections of U-235, U-238 and Pu-239 in
the ENDF/B-VII.1 libraries [26]. As can be seen, the cross sections at the fast energy region are
orders of magnitude smaller than those at the thermal energy region. The small cross sections mean
that a long mean free path is required for the absorption of fast neutrons (~10 cm vs. ~1cm for
thermal neutrons). The long mean free path leads to a much larger neutron leakage, which can be
up to a few tens of percent in fast reactors (compared to 3-5% in thermal reactors). To maintain
the core criticality, the enrichment of fuels in fast reactors has to be increased to few times higher
than that required in thermal reactors. It is noticed in Fig. 1.3 that in the fast region the fission
cross section of U-238 is comparable to that of fissile nuclides, which increases to about one barn
with the neutron energy of few MeV. The fertile nuclides such as U-238 that is the main component
of fuels can contribute more than ten percent of the total fission in fast reactors. Also note that
fission cross sections remain flat in the neutron energy range above the resonance region, while
the capture cross sections decrease rapidly with increasing energy. Consequently, the fission-tocapture ratio increases substantially with the incident neutron energy. This property makes the
burner reactor concept that proposed to minimize the nuclear waste generation is relatively easier
to be realized using fast reactors.

Fig. 1.3 Fission Cross Sections of U-235, U-238 and Pu-239 (ENDF/B-VII.1)
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Fig. 1.4 Capture Cross Sections of U-235, U-238 and Pu-239 (ENDF/B-VII.1)
The average number of neutrons emitted per fission or “nu bar” of U-235, U-238 and Pu-239 in
ENDF/B-VII.1 libraries [26] is given in Fig. 1.5. The nu bar increases rapidly in the MeV range
for all three nuclides. Along with the increase in the fission-to-capture ratio in the fast energy
region, the number of fission neutron produced per neutron absorbed increases steadily as the
energy of the incident neutron increases. This is a desirable feature in designing certain nuclear
systems such as breeder reactors and fusion reactor blankets.

Fig. 1.6 presents elastic and inelastic scattering cross sections of U-238, Pu-239, and Na-23 in
ENDF/B-VII.1 libraries [26]. Inelastic scattering is a threshold reaction and it takes place as
neutrons have the energy higher than the threshold energy. It can be seen in Fig. 1.6 that heavy
nuclides have a lower threshold than light nuclides to induce inelastic scattering. In the fast energy
region, the inelastic scattering cross sections are comparable to elastic scattering cross sections.
Note that the energy loss for neutrons is generally higher in the inelastic scattering than in the
elastic scattering. Thus, both elastic scattering and inelastic scattering are important mechanisms
to slow down fission neutrons in fast reactors. The (n, 2n) cross sections in Fig. 1.7 indicate that
the (n, 2n) reaction also needs to be considered when the incident neutron energy is high.
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Fig. 1.5 Average Number of Neutrons Emitted per Fission (ENDF/B-VII.1)

Fig. 1.6 Inelastic Scattering Cross Sections of U-238, Pu-239 and Na-23 (ENDF/B-VII.1)
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Fig. 1.7 (n, 2n) Cross Sections of Pu-239, U-238, Na-23 and Fe-56 (ENDF/B-VII.1)

1.3.2 Fast Reactor Computational Methods and Tools
The great difference in the neutron spectrum makes distinct physical characteristics among fast
and thermal reactors. To capture characteristics of fast reactors, modeling strategies have to
consider following aspects, which are quite different from those used for modeling thermal
reactors [25]. First, a large number of energy group is required for the slowing down calculation
due to strong resonances of intermediate atomic weight elements contained in the fast reactor core,
such as iron and sodium. It is also important to model the anisotropic scattering, the inelastic
scattering, the (n, 2n) reaction and the unresolved resonance self-shielding due to the large amount
of high-energy neutrons presented in the fast reactor core. In addition, the long mean free path due
to small absorption cross sections in the fast energy region results in a global coupling of the core.
The assembly calculations used in the macroscopic depletion model is not valid. It is important to
perform the whole-core depletion calculation.
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One of the most popular analysis tools used in the fast reactor design and analysis is the code suit
developed at Argonne National Laboratory (ANL). Fig. 1.8 presents the ANL suit of fast reactor
design and analysis codes adopted in this study. The methods and tools discussed here focused on
MC2-3 for the multi-group cross section generation [27,28], DIF3D/VARIANT for the whole-core
diffusion/transport calculation [29-31], REBUS-3 for the fuel cycle analysis [32], RCT code for
the pin power reconstruction [33], VARI3D for the perturbation calculation [34], and SE2-ANL
for the thermal-hydraulic calculation [35].

Fig. 1.8 Fast Reactor Analysis Code Suit of ANL

1.3.2.1 Multi-group cross section generation code MC2-3
The MC2-3 code [27,28] is developed for generating multi-group cross sections for fast reactor
analyses. It is an updated version of the MC2-2 code with the enhanced capabilities for resonance
self-shielding and spectrum calculations. Using the ENDF/B-VII.0 data, the MC2-3 code solves
the consistent P1 transport equation for a homogeneous medium, heterogeneous slab or cylindrical
unit cell problem at the ultrafine (2082) or hyperfine (~400,000) group level with the energy range
from 14.4 MeV to 0.4 eV. The resulting neutron spectrum is used for generating the multi-group
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cross sections. It can also perform two-dimensional whole core transport calculations using
ultrafine group cross sections for use in generating region-dependent multi-group cross sections.
These cross sections are stored in the ISOTXS format with user specified group structures.
Recently, the MC2-3 code has been extended to generate the cross sections in the thermal energy
range from 10-5 eV to 5.0 eV [36]. The new capability of MC2-3 has been validated against fuel
pin and assembly problems. In addition, a two-dimensional method of characteristic transport
solver has also been incorporated into MC2-3 at Purdue University [37] to account for the local
heterogeneity effects.
1.3.2.2 Whole-core diffusion/transport code DIF3D/VARIANT
The DIF3D code [29,30] was initially developed to perform finite difference and nodal diffusion
calculations. Options of finite difference diffusion method and nodal diffusion method are
available for the DIF3D calculation. The DIF3D finite difference diffusion option solves multidimensional orthogonal and triangular geometry problems. The DIF3D nodal diffusion option
solves the multi-dimensional Cartesian and hexagonal geometry problems using the nodal
expansion method, which uses quadratic polynomials to approximate the transverse leakages. To
improve the accuracy of flux solutions in the fast reactor analysis, the VARIANT transport solver
[31] was added to the DIF3D code in 1995. VARIANT employs the variational nodal method to
solve the second-order even-parity transport equation. The variational formulation of the transport
equation can be solved effectively using the classical Ritz procedure, in which the even-parity flux
is expanded in terms of trial functions in space and angle. The details of the second-order form of
the even-parity transport equation and the solution method of VARIANT are provided in the
subsection 5.2.1.
1.3.2.3 Fuel cycle analysis code REBUS-3
The REBUS-3 [32] is a system of codes developed for fuel-cycle analyses of fast reactor. Two
types of problem are solved: 1) the equilibrium cycle condition, in which the reactor is operated
under a fixed fuel management scheme and 2) the explicit cycle-by-cycle condition, in which the
fuel management scheme is explicitly specified. REBUS-3 provides a general modeling capability
that allows flexible in modeling mass flows between the in-core fuel shuffling, out-of-core cooling,
reprocessing, and fabrication processes. Four search options are provided in REBUS-3 to meet the
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user-specified design constraint: 1) searching the burn cycle time to achieve the user-specified
burnup condition, 2) searching the enrichment of fresh fuel to achieve the user-specified
multiplication factor at the specified time point, 3) searching the control poison density to maintain
the user-specified multiplication factor throughout the burn step, and 4) searching the cycle burn
time to fulfill the user-specified multiplication factor at the end of burn cycle. The above four
searching capabilities applied to critical reactors have also been extended to model the subcritical
accelerator driven systems [38,39]. In addition to the DIF3D flux solver, the Monte Carlo flux
solver MCNP has also been added to the REBUS-3 code named REBUS-PC [40].
1.3.2.4 Pin power reconstruction code RCT
RCT [33] is a code designed to recover intra-assembly power and burnup characteristics from
those assembly-averaged data calculated by DIF3D/REBUS-3 with the hexagonal-z geometry.
Based on nodal diffusion solutions obtained by the DIF3D calculation, RCT uses high order
polynomial expansions to reconstruct intra-assembly distributions of power densities, burnup,
nuclide densities, group fluxes, and fluences. This code, in conjunction with the REBUS-3 code,
was used for the depletion analysis of the Experimental Breeder Reactor II (EBR-II). Comparisons
with experiment data show that the methodology of REBUS-3 and RCT can meet both the
operational and material accountancy requirements of the IFR [33].
1.3.2.5 Perturbation theory code VARI3D
VARI3D [34] is a generalized perturbation theory code designed to calculate reactivity feedback
coefficients and kinetic parameters for fast reactor safety analyses. Using the flux solutions of the
finite difference diffusion theory solver of DIF3D, the perturbation theory calculation is performed
to estimate the reactivity effects due to changes in microscopic cross sections and nuclide densities.
Recently, to utilize flux solutions of VARIANT [31], a perturbation theory and sensitivity analysis
code PERSENT (PERturbation and SENitivity for Transport) is developed [34].
1.3.2.6 Thermal-hydraulic code SE2-ANL
SE2-ANL [35] is a sub-channel thermal-hydraulic analysis code designed to model the steadystate conditions in the fast reactor core. SE2-ANL is a modified version of the SUPERENERGY2 thermal-hydraulic code [41] interfaced with ANL heating calculations. Models for reactor hot
spot analyses, fuel element temperature calculations and the determination of required coolant flow
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in orifice zones were also added to the original version of SUPERENERGY-2. Both nominal and
2-sigma temperatures are calculated for the fuel and cladding. The nominal temperatures are
computed by directly solving the one-dimensional conduction equation and the 2-sigma
temperatures are computed using the semi-statistical method.

Objective and Organization of this Dissertation
The objective of this research is to develop fuel cycle options that minimize the nuclear waste
generation using sodium-cooled fast reactor systems and to develop a pin depletion method that
improves the accuracy in analyzing one of the developed fuel cycle in which the moderated target
assembly was loaded in the fast reactor core. This research begins with design studies of systems
constituting the proposed fuel cycle options, including the sodium-cooled fast reactor, the sodiumcooled accelerator-driven system blanket, and the moderated target assembly. The performance
characteristics of each system are analyzed as well. To obtain an accurate nuclide inventory within
the moderated target assembly, a pin depletion method is developed based on the VARIANT
transport calculation. Then, the performance characteristics of each fuel cycle option are analyzed
and compared. The performance evaluation is focused on comparing the natural resource
requirement, the amount of nuclear wastes sent to the geologic repository, and the nuclear waste
management parameters.

This dissertation is organized as follows. In Chapter 2, the reference fast reactor core design and
performance characteristics are discussed along with the design objectives and constraints,
computational methods and models, the fuel cycle performance, and safety characteristics. Chapter
3 covers the scoping design studies of the accelerator-driven system and its performance
characteristics. Chapter 4 discusses the design and performance characteristics of the moderated
target assembly, including the selection of moderator and fuel materials, design constraints, and
transmutation characteristics. Chapter 5 describes the newly developed pin depletion method,
including the flux reconstruction method, the burnup calculation, and the verification test results
and findings. Chapter 6 summarizes and compares the fuel cycle performance of fuel cycle options
based on the SFR, ADS and MA target assembly discussed in previous chapters. Conclusions are
summarized in Chapter 7 along with the suggestions for future work.
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2. DEVELOPMENT OF REFERENCE FAST REACTOR CORE

Introduction
Recent fuel cycle research and development activities focus on developing sustainable nuclear fuel
cycles and those technologies that support sustainable nuclear fuel cycles. The evaluation and
screening study [16] was performed to identify promising fuel cycle options that offer advantages
over the current nuclear fuel cycle and to provide information about potential benefits and
challenges of these options. This study showed that the most promising fuel cycle options have the
following characteristics: continuous recycle of actinides (U/Pu or U/TRU), fast spectrum critical
reactors, high internal conversion, and no uranium enrichment required once steady-state
conditions are established.

In an effort to provide supporting data for the evaluation and screening study, research on options
for a two-stage fast spectrum fuel cycle is being conducted [42,43]. The results are listed in
Publications 1-4 and 6-7. As illustrated in Fig. 2.1, the first stage is a sodium-cooled fast reactor
(SFR) fuel cycle starting with low-enriched (i.e., less than 20% 235U enrichment) uranium (LEU)
fuel; at the equilibrium cycle, the reactor is operated using the recovered plutonium without
supporting LEU. Plutonium and uranium are co-extracted from the discharged fuel and recycled
in stage 1, and the recovered minor actinides (MAs) are sent to stage 2. The second stage is a
sodium-cooled accelerator driven system (ADS) in which MAs are burned in an inert matrix fuel
form. The discharged fuel of ADS is reprocessed, and all the recovered heavy metals (HMs) are
recycled into the ADS. This chapter presents the core design, fuel cycle performance, and safety
characteristics of the 1000 MWt SFR that was developed for the first stage of the proposed twostage fast spectrum fuel cycle.
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Fig. 2.1 Schematic of Proposed SFR/ADS Two-stage Fast Spectrum Fuel Cycle
SFR Core Concept
The primary design objective of the first stage SFR core was to develop a compact, fissile breakeven core without the use of a fertile blanket while maximizing the uranium resource utilization
and minimizing nuclear waste or plutonium buildup. In order to meet these goals, several design
decisions were made. High discharge burnup was pursued to enhance the uranium resource
utilization and minimize the loss of transuranic elements to the waste stream. A blanket-free core
concept was selected to reduce the risk of proliferation. Finally, to reduce construction and material
costs, the core size was minimized within the imposed thermal design limits.

In order to enhance the neutron economy required for a high fissile conversion ratio, U-10Zr and
U-Pu-10Zr metal alloy fuels [44,45] were selected for startup and recycled fuels, respectively.
These metal alloy fuels are also favorable because of their inherent passive safety characteristics
[46,47]. In addition, a low-swelling stainless steel cladding (HT9) was selected as a structural
material (cladding and assembly duct). The thermal-hydraulic and material-related design
parameters used in this analysis were adopted from the Advanced Burner Reactor (ABR) studies
conducted by Argonne National Laboratory (ANL) [11,12].
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Starting from a metal fuel core design of 1000 MWt ABR, a compact core configuration was
developed for a 1000 MWt LEU-fueled Break-even Fast Reactor (LEUBFR). Using this core
configuration, scoping studies based on equilibrium cycle analyses were carried out to determine
the minimum fuel volume fraction to achieve a fuel break-even core without the use of supporting
LEU fuel. Next, parametric studies were performed to optimize the cycle length and the fuel
management scheme so that the discharge burnup is maximized within the fast fluence limit of the
HT9 cladding material. Two candidate assembly designs were developed to yield an equilibriumcycle fissile conversion ratio slightly greater than 1.0 while satisfying the thermal-hydraulic and
material-related design constraints.

Design Constrains
For the binary and ternary metal fuels, an as-built smeared density of 75% was assumed to allow
free fuel swelling of approximately 33%, at which point porosity becomes largely interconnected
and open to the outside of the fuel, releasing a large fraction of fission gas to the fission gas plenum
at the top of the fuel pin [46]. A fast fluence limit for HT9 cladding was assumed to be
approximately 4×1023 n/cm2, based on the irradiation data obtained in Fast Flux Test Facility that
showed no duct elongation or cladding breach after a fast fluence of 3.9×1023 n/cm2 [47] with HT9
structural material.

The power in the hottest fuel pins was required to be less than the minimum values for incipient
bulk fuel melting. Although bulk fuel melting is less likely to cause cladding damage in metallic
fuel pins because the melting temperature of the fuel (~1100 °C) is lower than the melting
temperature of the cladding, the criterion of not allowing bulk fuel melting during normal operation
was imposed in this study. The relatively benign effect of bulk melting in metallic fuels was shown
by the results from experimental irradiations of EBR-II Mark-IA fuel fabricated with bond sodium
only in the lower half of the pins [48]. Even though the absence of the bond sodium caused
extensive fuel melting, the molten fuel simply relocated to close the fuel-cladding gap and froze
in place without failure of the cladding. Only a small area of eutectic interaction with the cladding
was noted with a maximum wall penetration of 10% of the thickness.
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An additional constraint was imposed such that the power-to-flow ratio and power in the hottest
fue1 pins are less than the minimum values for macroscopic eutectic liquefaction at the fuelcladding interface. The source of the eutectic liquefaction at the interface is the metallurgical
interaction of metallic U-Pu-Zr fuel and fission products with the iron-based cladding to form a
low melting point phase. Based on a series of out-of-pile experiments, the threshold temperature
for high burnup U-20Pu-10Zr fuel with HT9 cladding was determined to be between 650 °C and
660 °C [48]. It was also shown that the threshold temperature becomes higher as the fuel burnup
and the Pu fraction in fuel decrease. Although the eutectic melting temperature of the initial U10Zr fuel is significantly higher than that of U-Pu-10Zr fuel, the minimum value of 650 °C was
used in the preliminary core design study to accommodate the recycled U-Pu-10Zr fuel.

Computational Methods and Models
The ANL suite of fast reactor analysis codes was used in the fuel cycle and thermal-hydraulic
analyses. Material densities and core geometries were determined by considering material thermal
expansion at the operating condition and the irradiation swelling of metal fuel. Uniform axial
swellings of 8% and 5% were assumed for U-10Zr and U-Pu-10Zr fuel forms, respectively. The
bond sodium was displaced into the lower part of the fission gas plenum. Assembly design
parameters were iteratively determined to meet the targeted neutronics performances and the
thermal design criteria. An enrichment zoning strategy was employed to flatten the power
distribution. The fuel residence time was adjusted to maximize the fuel discharge burnup within
the imposed fast fluence limit of HT-9 cladding.

Region-dependent cross sections were generated based on an R-Z core model shown in Fig. 2.2
using the MC2-3 code [27] and the ENDF/B-VII.0 data. Fuel cycle analyses were performed with
the DIF3D/REBUS-3 code system [29,30,32]. Using 3-dimensional hexagonal-z geometry models,
equilibrium and non-equilibrium cycle analyses were performed. The required enrichment to
maintain the criticality throughout a burn cycle was determined using the enrichment search option
of REBUS-3. In order to accommodate the computational modeling and fabrication uncertainties,
the criticality was estimated with a multiplication factor of 1.003. Flux calculations were mainly
performed using the hexagonal-z nodal diffusion theory option of DIF3D [30]. However, the
DIF3D nodal option often yields unreliable peak flux values for the fuel assemblies adjacent to
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control or reflector assemblies because they are determined under the assumption that the neutron
flux within each node is separable in axial and radial directions [50]. Therefore, the peak values of
flux, power density and fluence were recalculated for the finalized design using the finitedifference option of DIF3D [29]. The kinetics parameters, reactivity coefficients, and shutdown
margins were estimated using the VARI3D [34] generalized perturbation theory, DIF3D diffusion
[29], and VARIANT [31] transport codes.

Fig. 2.2 R-Z Model of 1000 MWt LEUBFR Core Design
For the parametric studies to determine the assembly design parameters, the thermal margins were
evaluated simply by comparing the peak linear power density to the linear power limit. The linear
power limits were estimated using a single channel thermal-hydraulics model. The average flow
rate was determined such that the coolant temperature rise across the core is 155 C with assumed
coolant inlet temperature of 355 C. A chopped cosine shape was assumed for the axial power
distribution and hot channel factors of 2.67, 1.10 and 1.24 were used for the film, cladding, and
coolant temperature rises, respectively [51].
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For finalized designs, detailed steady-state thermal-hydraulic analyses were performed with
coupled neutron and gamma heating calculations. The neutron flux was first calculated with
DIF3D code, and then the photon source distribution was determined with GAMSOR code [52].
With this calculated gamma source distribution, the gamma flux was calculated by solving a fixed
source problem using the DIF3D code. Using the calculated neutron and gamma fluxes, the
distributions of neutron and gamma heating rates were determined by normalizing the total heating
rate (i.e., the sum of neutron and gamma heating rates) to the rated power.

Using the pin power distributions, whole-core temperature calculations were performed using the
sub-channel analysis code SE2-ANL [35]. Orifice zoning of assemblies and flow allocation to the
assemblies in each orifice zone were iteratively determined with the overall goal of equalizing fuel
pin damage accrual and thus pin reliability. The coolant inlet temperature was assumed 355 °C,
and the total flow rate was determined such that the coolant temperature rise across the core is
155 °C. The fuel assemblies were grouped into several orifice zones. The assembly flow rates were
determined such that the peak 2-sigma cladding inner-wall temperatures of individual orifice zones
over a burn cycle are approximately equal to each other. The non-fueled assemblies were grouped
into separate orifice zones, and the flow rates were determined in proportion to the heating rates
in order to obtain uniform coolant outlet temperatures. Hot channel factors were included in
temperature predictions to account for core design, analysis, fabrication and operational
uncertainties and variations.

Reference LEUBFR Core Design and Performance Characteristics
2.5.1 Point reference design
The core configuration and assembly design parameters of ABR [11,12] metal core concept were
modified to achieve a high conversion ratio. To increase the fissile conversion ratio, it is necessary
to lower the core average fissile enrichment. In order to maintain the criticality with low fissile
enrichment fuel, it is necessary to increase the fuel loading, which in turn requires increasing the
active core volume and/or the fuel volume fraction in each fuel assembly. To increase the fuel
loading, it was decided to increase the active core volume by increasing the active core height from
81.3 cm to 100 cm while maintaining the compact core configuration and the radial dimensions of
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fuel assemblies in the ABR. At the same time, due to reduced reactivity swing of the fuel breakeven core, six of the 15 primary control assemblies of ABR were replaced with fuel assemblies.
Finally, the fuel volume fraction in fuel assemblies was increased by increasing the fuel pin size
within the imposed thermal design limits.

Fig. 2.3 shows the radial core layout of the 1000 MWt LEUBFR core concept. The core consists
of 186 fuel assemblies, 114 reflectors, 66 radial shields, 9 primary control and 4 secondary control
assemblies. The core is divided into three enrichment zones (i.e., inner, middle and outer cores) to
flatten the power distribution. The primary control system consists of three assemblies in the fourth
row of hexagon and six assemblies in the seventh row, and the secondary control system consists
of one central assembly and three assemblies in the fourth row. The core is surrounded by two
rows of steel reflectors and one row of B4C shield assemblies. The ABR design parameters were
adopted for the primary and secondary control assemblies, steel reflectors and B4C shields. The
60% enriched boron and natural boron were used for primary and secondary control assemblies,
respectively.

Fig. 2.3 Radial Core Layout of LEUBFR
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Using the core configuration given in Fig. 2.3, scoping studies based on equilibrium cycle
calculations were performed to determine the fuel volume fraction to achieve a fuel break-even
core and the fuel management scheme to maximize the discharge burnup within the fast fluence
limit of cladding material. A cycle length of 18 months with a capacity factor of 90% was selected
with a three-batch fuel management scheme for the inner and middle core zones and a four-batch
scheme for the outer core zone. The results showed that the minimum fuel volume fraction to
achieve a fuel break-even core with external feed of depleted uranium was 35.3%. It was also
found that the maximum fuel volume fraction achievable within the imposed thermal design limits
was 39.4%. The assembly design parameters corresponding to these fuel volume fractions are
compared in Table 2.1 along with selected performance parameters.

Table 2.1 Design and Equilibrium Cycle Performance Parameters of Assembly Designs with
Minimum and Maximum Fuel Volume Fractions
Fuel volume fraction (%)
Core height (cm)
Pin outer diameter (mm)
Number of fuel pins per assembly
Assembly lattice pitch (cm)
Inter-assembly gap (mm)
Duct thickness (mm)
Pin pitch-to-diameter ratio
Cladding thickness (mm)
Fissile conversion ratio
Average linear power (kW/m)
Peak linear power, PLP (kW/m)
PLP limit on fuel/cladding eutectic (kW/m)
PLP limit on fuel centerline (kW/m)

35.3
100
8.9
217
16.14
4.0
3.0
1.14
0.5
1.01
22.7
36.2
37.7
56.1

39.4
100
10.5
169
16.14
4.0
3.0
1.10
0.5
1.07
29.2
45.4
46.5
62.6

At equilibrium, the SFR core reaches a fuel break-even core with depleted or natural uranium and
recovered uranium and plutonium without any supporting LEU fuel. Since the core starts with
LEU fuel, it takes significant time to reach an equilibrium cycle by building sufficient plutonium.
For this reason, the overall fuel cycle characteristics of LEUBFR were evaluated through
transitional cycle-by-cycle analyses over an assumed plant lifetime of 60 years. The same fuel
management scheme as used in equilibrium cycle analysis was employed in the transitional fuel
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cycle analyses. In the transition cycle analyses, it was assumed that 0.1% of fuel is lost in
reprocessing/re-fabrication and 5% of rare-earth fission products are carried over by the recycled
fuel. Since a long cooling time is not required, the turnaround time of the assumed pyroprocessing
of metal fuel is relatively short (e.g., the average turnaround time in EBR-II was about two months
from discharge to reload into the reactor) [4]. So it was assumed that the recovered uranium and
plutonium from the discharged fuel at the end of n-th cycle can be loaded into the core at the
beginning of (n+2)-th cycle. The recycled uranium and plutonium are blended with the external
feed of LEU and loaded into SFR from the third cycle.

The fuel cycle performances for the initial uranium core, the subsequent transition cores and the
equilibrium core were presented. The safety characteristics of LEUBFR were examined by
viewing the reactivity coefficients, control requirements, shutdown margins and thermal margins.
2.5.2 Transition cycle performance of LEUBFR
A cycle-by-cycle analysis of the LEUBFR was performed by searching the required U-235
enrichment of charged fuel to achieve the targeted cycle length of 18 months. In the initial Ufueled core, the fuel assembly design with a fuel volume fraction of 39.4% was used in order to
maximize the natural resource utilization by maximizing plutonium production. When the core
becomes close to the equilibrium-cycle plutonium core, the fuel assembly design with a fuel
volume fraction of 35.3% was used to reduce the surplus plutonium buildup. Specifically, from
the cycle 21, the fresh fuels were made of the fuel assembly design with a fuel volume fraction of
35.3%. Two sets of cross section data for uranium and plutonium cores were used in the cycle by
cycle calculations.

Fig. 2.4 presents the external depleted uranium and LEU feeds and the fissile conversion ratio as
a function of burn cycle. The fissile conversion ratio was determined as the ratio of the total fissile
(U-235, Pu-239 and Pu-241) atoms produced during a burn cycle to those destroyed during a burn
cycle. The fissile conversion ratio is initially 0.67 for the U-fueled core and increases
monotonically with burn cycles. From the cycle 3, the external LEU feed shows a decreasing trend
and at the cycle 14, the core reaches a fuel break-even point. At this point, the British breeding
gain [53], which accounts for the difference in the reactivity worth of different nuclides, becomes
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slightly greater than zero and thus the core becomes self-sustaining although the simple fissile
conversion ratio is slightly less than one. This is due to the higher reactivity worth of produced Pu239 than that of destroyed U-235.
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Fig. 2.4 External Uranium Feed vs. Burn Cycle of LEUBFR Core
For the succeeding cycles, the required fresh fuel is fabricated by blending the recycled uranium
and plutonium with the external feed of depleted uranium. As mentioned above, from the cycle 21,
the fuel volume fraction was reduced from 39.4% to 35.3% in order to reduce the surplus
plutonium buildup. As can be seen in Fig. 2.4, it takes several cycles for the core to reach the
equilibrium state with the new fuel assembly design in the middle of life (MOL). The fissile
conversion ratio decreases due to the use of a fuel assembly design with a smaller fuel volume
fraction. In this transition period, the surplus plutonium produced from the cycles 14 through 20
is used as the external feed to maintain the criticality. The external feed of depleted uranium used
to compensate for the consumed HM remains almost constant from the cycle 27 to the end of life
(EOL) with an average of 520 kg per cycle.

Fig. 2.5 shows the U-235 and plutonium fissile inventories in the core during the assumed 60 years
of operation. The core inventory of U-235 is at a maximum of 3088 kg in the first cycle and
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decreases with burn cycles. On the other hand, the core inventory of plutonium increases
monotonically with burn cycles from zero at the beginning of life (BOL). The plutonium
production per cycle is at a maximum of 333 kg in the first cycle. From the cycle 24 until EOL,
the core inventory of plutonium fissile materials (Pu-239 and Pu-241) is near the equilibrium state
with an average of 2002 kg.
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Fig. 2.5 U-235 and Plutonium Fissile Inventories vs. Burn Cycle of LEUBFR Core
Table 2.2 summarizes the performance parameters of the LEUBFR core. At BOL, the core is
loaded with LEU fuel. The U-235 enrichments in the inner, middle and outer core zones are 11.0%,
13.1%, and 15.9%, respectively. The fissile conversion ratio is initially 0.67 and gradually
increases with operating cycles. It reaches a fuel break-even point at the 14-th cycle as mentioned
above. For a 60-year operation time, the total natural uranium requirement (with an enrichment
tail of 0.2%) is 814.3 metric ton (MT), which is about one-fifth of that of a typical pressurized
water reactor (PWR) for the same amount of electricity generation. The total amount of
accumulated plutonium and MA including those in the unprocessed fuels discharged at the end of
cycle 39 and the core inventories at EOL are 3.7 MT and 533 kg, respectively. The remaining
plutonium and MA at EOL will be used in the Pu-fueled SFR and the ADS.
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Table 2.2 Fuel Cycle Performance Characteristics over 60-Year Lifetime of LEUBFR
U-235 mass fraction at BOL HM inventory (%)
20% LEU feed at BOL (MT)
Depleted uranium feed at BOL (MT)
Natural uranium resource required for 60 years (MT)
Surplus plutonium over cycle 1-38 (kg)
Discharged plutonium at cycle 39 (kg)
Plutonium remaining in core at EOL (kg)
Accumulated plutonium for 60 years (MT)
Accumulated MAs over 60 years (kg)

13.6
15.5
7.2
814.3
92.5
827.8
2745.0
3.7
533

2.5.3 Equilibrium cycle performance of LEUBFR
The equilibrium cycle performance of the LEUBFR core was also evaluated by searching the
required TRU fraction of charged fuel to achieve the targeted cycle length of 18 months. The
power distribution is flattened by the enrichment zoning. At the equilibrium state, the fuel volume
fraction of Pu-fueled SFR was further reduced to 35.1% to minimize the TRU generation while
maintaining a fuel break-even core with external feed of natural uranium. The main core
performance parameters of the LEUBFR core are provided in Table 2.3.

Table 2.3 Equilibrium Cycle Performance of LEUBFR
Fuel form
U-Pu-10Zr
Cycle length (months)
18
Number of batches (inner/middle/outer)
3/3/4
Inner zone
10.5
TRU fraction in HM
Middle zone
13.2
(%)
Outer zone
16.9
Fissile conversion ratio
1.01
Burnup reactivity loss (%∆k)
0.3
HM/TRU inventory at BOEC (MT)
20.4/2.9
Specific power density (MW/MT)
49.1
Average discharge burnup (atom %)
7.6
23
2
Peak discharge fast fluence (10 n/cm )
3.94
Core-average power density (kW/l)
215.6
Power peaking factor (BOEC/EOEC)
1.50/1.50
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The HM inventory at the beginning of equilibrium cycle (BOEC) is about 20.4 MT, and the
corresponding specific power density of 49.1 kW/kg. The core averaged power density is 215.6
kW/l. The TRU fractions in HM are 10.5%, 13.2%, and 16.9% in the inner, middle and outer core
zones, respectively. The power peaking factor is 1.50 both at BOEC and at the end of equilibrium
cycle (EOEC). The average discharge burnup is 7.6% and the peak discharge fast fluence is
3.94×1023 n/cm2. The fissile conversion ratio is 1.01, and the burnup reactivity loss is 0.3%.

2.5.4 Kinetic parameters and reactivity coefficients
To examine safety characteristics of the reference LEUBFR core, kinetic parameters and reactivity
coefficients were calculated for both U-fueled and Pu-fueled cores. The kinetic parameters and
reactivity coefficients of U-fueled core were evaluated at the third cycle because it has the
maximum burnup reactivity swing among the transition cycles, while those of Pu-fueled core were
evaluated for the equilibrium cycle. The primary control assemblies were located at the critical
positions, while the secondary control assemblies were positioned at the top of the active core. The
critical position of control rod tip from the bottom of the active core was estimated to be 87.0 cm
for the U-fueled core and 82.0 cm for the Pu-fueled core. The kinetic parameters, the Doppler
coefficients, and the fuel, structure, and sodium density coefficients were estimated using the
VARI3D perturbation theory code. The axial and radial expansion coefficients were calculated
using the DIF3D code by direct eigenvalue difference between the base and perturbed cases. Since
the diffusion theory is not sufficiently accurate for sodium-voided conditions, the sodium void
worth and the sodium-voided Doppler coefficients were calculated using the VARIANT transport
code through direct eigenvalue differencing.

The calculated reactivity coefficients and kinetic parameters are summarized in Table 2.4 and
compared with the counterparts of the ABR metal core [51] at EOEC. The delayed neutron fraction
is 0.00630 for the U-fueled core and 0.00357 for the Pu-fueled core. The prompt neutron lifetimes
are ~0.36 μs and ~0.34 μs for the U-fueled and Pu-fueled cores, respectively. The uniform radial
expansion coefficient is -0.11 ¢/°C in the U-fueled core, and its magnitude increases to -0.22 ¢/°C
in the Pu-fueled core. The axial expansion coefficient of the U-fueled core is -0.04 ¢/°C and
becomes -0.08 ¢/°C in the Pu-fueled core. Compared to the ABR design, the radial expansion
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coefficient becomes less negative in the Pu-fueled core (-0.22 ¢/°C vs. -0.38 ¢/°C) since the
increased core height reduces axial leakage. The axial expansion coefficient is comparable to ABR
core because of a similar radial core layout. From these results, it is seen that the negative reactivity
effect from the core expansion is more significant in the radial direction than in the axial direction.
The fuel, structure, and sodium density coefficients were evaluated by perturbing the material
densities to the factors of 1.10, 1.25, and 0.85, respectively. The Doppler coefficient was evaluated
by increasing the temperature of the fuel, structure, and coolant isotopes in the active core region.
The results in Table 2.4 show that the Doppler and fuel density coefficients are significantly more
negative in the Pu-fueled core than in the U-fueled core. The small positive sodium and structure
density coefficients are also larger in the Pu-fueled core than in the U-fueled core. A comparison
of the Doppler coefficient shows that negative feedback is enhanced at further stages in the reactor
lifetime with an initial coefficient of -0.08 ¢/°C and a final coefficient of -0.15 ¢/°C.

Table 2.4 Kinetic Parameters and Reactivity Coefficients of LEUBFR and ABR
LEUBFR
ABR
U-fueled Core Pu-fueled Core
Delayed neutron fraction (βeff )
0.00630
0.00357
0.00326
Prompt neutron lifetime (μs)
0.36
0.34
0.33
Axial expansion coefficient (¢/°C)
-0.04
-0.08
-0.06
Radial expansion coefficient (¢/°C)
-0.11
-0.22
-0.38
Doppler coefficient (¢/°C)
-0.08
-0.15
-0.10
Fuel density coefficient (¢/°C)
-0.32
-0.54
-0.69
Structure density coefficient (¢/°C)
0.02
0.05
0.07
Sodium density coefficient (¢/°C)
0.0017
0.029
0.16
Sodium void worth ($)
0.47
5.79
6.64
Sodium-voided Doppler coefficient (¢/°C)
-0.06
-0.09
-0.07
Parameter

The sodium void worth and the sodium-voided Doppler coefficients were evaluated by voiding
the flowing sodium coolant in the active core, upper gas plenum, and upper internal structure. The
sodium void worth for the U-fueled and Pu-fueled cores are 0.47 $ and 5.79$, respectively.
Compared to the U-fueled core, the Pu-fuel core has a significantly larger sodium void worth
because the increase in the reproduction factor η due to the spectrum hardening caused by sodium
voiding is significantly larger for Pu-239 than U-235. If the flowing sodium within the active core
is voided, the negative Doppler feedback becomes less effective due to spectral hardening and
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reduced resonance absorption. This change between the Doppler coefficient and the sodiumvoided Doppler coefficient is larger in the Pu-fueled core than in the U-fueled core mainly because
of the larger reproduction factor η of plutonium.

Using the reactivity coefficients in Table 2.4, the integral reactivity parameters for the quasi-static
reactivity balance analysis of the passive regulation of power [46,47] were evaluated for the Ufueled and Pu-fueled cores and presented in Table 2.5. The parameter “A” is the reactivity
decrement due to the fuel temperature rise from the coolant average temperature to the fuel average
temperature. The parameter “B” represents the reactivity decrement experienced when the coolant
and fuel temperatures rise from the zero-power isothermal condition at coolant inlet temperature
to the coolant average temperature. The parameter “C” is the reactivity decrement due to the rise
in coolant inlet temperature. The sufficient conditions for acceptable asymptotic core outlet
temperatures for possible unprotected accident scenarios (loss of heat sink, transient overpower,
loss of flow, chilled inlet, and pump over-speed) are given by
𝐴
𝐵

≤ 1, 1 ≤

𝐶∆𝑇𝑐
𝐵

≤ 2,

∆𝜌𝑇𝑂𝑃
|𝐵|

≤1

(2.1)

where ∆𝑇𝑐 is the coolant temperature rise across the core and ∆𝜌𝑇𝑂𝑃 is the transient overpower
initiator. The results in Table 2.5 show that these sufficient conditions are satisfied for both the Ufueled and Pu-fueled cores. After an external perturbation, both cores can reach a new asymptotic
state through the inherent adjustments of core power and temperature due to thermal feedbacks.

Table 2.5 Integral Reactivity Parameters for Quasi-Static Reactivity Balance Analysis
Parameter
U-fueled Core Pu-fueled Core
A, net reactivity decrement (¢)
-10.5
-18.6
B, power/flow coefficient (¢)
-12.9
-25.0
C, inlet temperature coefficient (¢/°C)
-0.23
-0.42
Transient overpower initiator, ∆ρTOP (¢)
12.0
20.0
A/B
0.81
0.74
C∆Tc/B
1.35
1.31
∆ρTOP/|B|
0.009
0.008
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2.5.5 Reactivity control requirements and shutdown margins
The control requirements and shutdown margins were also estimated for the two independent
control systems: a primary and a secondary system. By definition, the primary system is required
to shut down the reactor from any operating condition to the refueling temperature, with the
assumption that the most reactive control assembly is stuck. Any operating condition includes an
overpower condition combined with a reactivity fault. The primary system also serves to
compensate for the reactivity effects of the fuel burnup and axial growth of metal fuel, and in
addition, must accommodate any uncertainties in criticality and/or fissile loading during refueling.
The secondary system is also required to have sufficient negative reactivity to shut down the
reactor from any operating condition to the cold shutdown with the most reactive assembly
inoperative.

Reactivity control requirements of U-fueled and Pu-fueled cores were evaluated at the third and
equilibrium cycles as presented in Table 2.6. The third cycle of U-fueled core was selected because
this cycle has the maximum burnup reactivity swing among the transition cycles. To estimate the
control requirements and shutdown margins, the reactivity worth was calculated for various
combinations of control assemblies inserted, and the stuck-assembly worth was estimated for each
control assembly. The control requirements were evaluated by accounting for the temperature and
power defects (including 15% overpower), the burnup reactivity swing, and the associated
uncertainties.

The estimated total control requirement for the primary control system is about 3.4$ in the Ufueled core and 4.2$ in the Pu-fueled core. The total control requirement for the secondary control
systems is about 0.9$ in the U-fueled core and 1.7$ in the Pu-fueled core. The shutdown margins
of the primary and secondary control systems were determined with the assumption that the most
reactive assembly is stuck. The minimum shutdown margins of the primary system for the Ufueled and Pu-fueled cores are ~10.7$ and ~13.2$, respectively. The minimum shutdown margins
of the secondary system for the U-fueled and Pu-fueled cores are ~3.0$ and ~6.1$, respectively.
These results show that the LEUBFR core design has sufficient shutdown margins at each burn
cycle.
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Table 2.6 Shutdown Margins of Primary and Secondary Control Systems of LEUBFR

Number of control assemblies
Total worth ($)
Worth with one stuck assembly ($)
Control requirement ($)
Shutdown margin ($)

Primary
U-fueled
Pu-fueled
Core
Core
9
17.8
20.5
14.1
17.4
3.4
4.2
10.7
13.2

Secondary
U-fueled
Pu-fueled
Core
Core
4
5.4
9.8
3.9
7.8
0.9
1.7
3.0
6.1

2.5.6 Orifice zoning and thermal margins
The design margins to the temperature limits were evaluated through coupled neutron and gamma
heating calculations and detailed steady-state thermal-hydraulic analyses. The core configurations
for the heating calculations were extracted from the output of the REBUS-3 fuel cycle analysis.
From the cycle-by-cycle REBUS-3 analysis, it was observed that the peak linear power in the core
becomes the largest at the cycle 12. Therefore, heating calculations were performed with the
compositions at the beginning and at the end of the cycle 12.

Using the pin power distributions, whole-core temperature calculations were performed using the
sub-channel analysis code SE2-ANL. The fuel assembles were grouped into five orifice zones,
considering the assembly power levels and the fuel management scheme. The non-fueled
assemblies were grouped into four orifice zones. The assembly flow rates in individual orifice
zones were iteratively determined such that the peak 2-sigma cladding mid-wall temperatures of
individual fuel assemblies were equalized over the cycle. Hot channel factors for PRISM design
[53] were used for 2-sigma cladding and fuel temperature calculations. Fig. 2.6 shows the
determined orifice zones and assembly flow rates of the LEUBFR core. It is noteworthy that the
orifice groups are not symmetric since the core at the cycle 12 is not perfectly symmetric due to
the explicit assembly-by-assembly fuel managements in transitional cycles.
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Fig. 2.6 Orifice Zones and Assembly Flow Rates (kg/s) of LEUBFR Core
Fig. 2.7 shows the maximum 2-sigma cladding inner wall temperatures of LEUBFR core at cycle
12. The maximum 2-sigma cladding inner wall temperature occurs at the outer core assembly in
the eighth row at the beginning of cycle (BOC), and it moves to the inner core assembly in the
fourth row at the end of cycle (EOC). The overall maximum 2-sigma cladding inner-wall
temperature during the cycle 12 is 645.4 °C, which satisfies the imposed design limit of 650 °C.
The minimum 2-sigma margin to the fuel melting is 153.3 °C, as shown in Fig. 2.8. These results
show that both the imposed thermal design limits are satisfied. The pressure drop across the pin
bundle of each fuel assembly was estimated as well. The maximum pressure drop across the pin
bundle of LEUBFR is 0.44 MPa, which is slightly higher than that of 0.38 MPa in the ABR design
[51]. The thicker pin design of LEUBFR core results in a decreased flow area in the fuel assembly
and hence the flow velocity is increased. In addition, the increased core height in LEUBFR also
contributes to the higher pin bundle pressure drops.
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Fig. 2.7 Maximum 2-Sigma Cladding Inner Wall Temperature (ºC) of LEUBFR Core

Fig. 2.8 Minimum 2-sigma Margins to Fuel Melt (ºC) of LEUBFR Core
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3. SCOPING DESIGN STUDY OF ACCELERATOR DRIVEN SYSTEM

ADS Core Concept
The idea of combining an accelerator with a subcritical reactor for transmuting MAs has already
been considered in several countries, such as Japan, France, Belgium, and U.S. The accelerator
produces large numbers of neutrons by impinging the proton beam onto the target in a process
called spallation. The spallation neutrons then penetrate the target and the surrounding subcritical
core. A self-sustaining system can be achieved with spallation neutrons by sustaining the desired
fission power level and thus, the losses of neutron in the system can be compensated for by the
supplement of spallation neutrons from the target. The external neutron source and subcritical
operation open new possibilities for the transmutation of MAs. Numerous roles have been
proposed for ADS, and potential benefits and challenges of employing ADS in advanced nuclear
fuel cycles are well summarized in recent studies [7,55].

A sodium-cooled ADS blanket with a non-uranium metallic dispersion fuel was selected as the
reference design. A fast neutron spectrum system was chosen because of the higher fission-toabsorption ratio that leads to a higher fission fraction of the MA inventory. Uranium-free matrices
are able to accommodate large amounts of MAs with maximized MAs consumption. The metallic
fuels are favorable because of their relatively high thermal conductivity and because they are
capable of reaching a harder neutron spectra than nitride/oxide fuels, which enhance the MAs
consumption. Furthermore, the dispersion fuels have better swelling behavior since the fission
products are contained in the fuel particles mixed in the matrix. The sodium liquid metal was
selected since the low moderating power and its superior thermal-hydraulic capabilities (i.e. liquid
metals allow the system to be operated at atmospheric pressure, while the gas-cooled system
requires high pressures to achieve similar heat transfer capability).

In this study, in order to estimate the performance of the proposed two-stage fuel cycle, a scoping
design study was performed to develop an ADS blanket design [42]. The main purpose of the
proposed ADS was to facilitate waste management by separating out MA elements from the spent
SFR fuels of the first-stage and transmuting these constituents in the ADS blanket. The design
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study was built upon previous design studies for the 840 MWt sodium-cooled ADS with inert
matrix minor actinides fuel [56] and the 840 MWt Accelerator Transmutation of Waste (ATW)
blanket designs with lead-bismuth eutectic [57-59] and sodium coolants [60].

Design Objective and Constraints
The overall performance objective for the ADS is to minimize the fraction of the initial TRU
inventory that is not transmuted and lost to the waste stream. Because there is a small fraction of
the inventory lost every time the material is processed, it is necessary to develop a high efficiency
processing technology and to minimize the required number of processing operations. From the
viewpoint of the ADS blanket design, a high discharge burnup was pursued to reduce the number
of recycle/re-fabrication campaigns needed to destroy a given amount of material. On the other
hand, the source multiplication in the subcritical blanket that determines the transmutation
performance for a given accelerator capacity, decreases with burnup due to the reactivity loss. The
burnup reactivity loss of U-free fuel is much more than that of conventional fuels. Therefore,
maximizing discharge burnup and minimizing burnup reactivity loss over an operating cycle were
chosen as the primary performance objectives in the physics design of the sodium-cooled ADS
blanket.

Burnup reactivity loss over an operating cycle can be represented as the product of an average rate
of reactivity loss and the irradiation time per cycle. The reactivity loss over a cycle is roughly
proportional to the cycle burnup, which is proportional to the product of the specific power and
the irradiation time per cycle. The burnup reactivity loss can be reduced by employing a low
specific power or a short irradiation cycle time. Previous analyses indicate that the latter approach
is preferred [58]. Furthermore, the cycle burnup can also be expressed as the ratio of discharge
burnup to the number of irradiation cycles. To achieve a high discharge burnup and low burnup
reactivity loss, it is desirable to increase the number of irradiation cycles to limit the cycle burnup.
In this study, a short irradiation time design was adopted to increase the discharge burnup with a
small reactivity loss over a burn cycle.

The discharge burnup can be expressed as the product of the specific power and the in-core
residence time. This relation suggests that the discharge burnup can be maximized by maximizing
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the power density and fuel residence time and by minimizing the fuel volume fraction and fuel
particle loading in inert matrix fuel. However, these design parameters are interrelated and limited
by various design constraints as described below. The power density of the transmutation blanket
is constrained by the fuel heat load and heat transfer considerations. In particular, the peak linear
power is constrained by the need to limit the peak temperature at fuel centerline. The minimum
fuel volume fraction to satisfy the specified constraint on the peak linear power increases with
power density. On the other hand, the minimum coolant volume fraction required for adequate
cooling also increases with increasing power density. Therefore, by volume conservation, there
exists an upper limit on the achievable power density. For this analysis, a peak linear power limit
of 40.0 kW/m was adopted from the evaluation in Reference 59, which was estimated based on
the Advanced Liquid Metal Reactor metal fuel and ATW dispersion fuel.

Fuel pin integrity is ensured by imposing discharge burnup limits for the fuel matrix and peak fast
fluence limits for the cladding material. Since the fission products are contained within the fuel
particles that are mixed in the matrix, a higher burnup can be obtained in the dispersion fuel.
Moreover, for the U-free fuels employing an inert matrix (zirconium), the FP density is much
lower in inert matrix than that in uranium matrix at the same burnup. Thus, the discharge burnup
is not likely to constrain the design of U-free dispersion fuel. Therefore, the fuel lifetime is
constrained only by the material damage to structures. For this analysis, a peak fast fluence limit
of 4.0×1023 n/cm2 is assumed for low-swelling HT-9 stainless steel alloy.

Finally, the MA fraction in fuel is determined to maintain the desired sub-criticality level at BOEC
for the selected blanket configuration and fuel management scheme. This quantity is constrained
by the maximum volumetric fraction of fuel particles in the dispersion fuel. In the previous study
[57,58,60], a fuel-particle volume fraction limit of 50% was employed. However, the dispersion
fuel will be easier to fabricate and likely have improved irradiation performance at lower fuel
fraction [61]. Subsequently, the maximum volumetric fraction of fuel particles was assumed 25%
in Reference 59. In this study, to maintain the compact core configuration of ADS with less
reactive MA fuel, the maximum volumetric fraction of fuel particles was relaxed to 45%.
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Computational Methods and Models
Fuel cycle performance characteristics were evaluated using the REBUS-3 code enhanced for ADS
fuel cycle analysis [38,39]. Region-dependent cross sections were generated in a 33-group energy
structure using the MC2-3 code [27] and the ENDF/B-VII.0 data.

The equilibrium cycle calculation was performed to analyze the performance of the second-stage
fuel cycle at equilibrium state. In the equilibrium cycle model of REBUS-3, the charged fuel
contains HM recovered via recycling from the discharged ADS fuel and is supplemented by the
MA recovered from the discharged SFR fuels of stage 1 to make up for the HM consumed by
fission. The isotopic composition of the external feed at equilibrium is presented in Table 3.1. In
the equilibrium cycle analysis, it was assumed that 0.2% of HM is lost in the fresh fuel fabrication
and 1.0% is lost in the separation of discharged fuels. It was also assumed that 5% of rare earth
FPs would be carried over by the recycled ADS fuel in the assumed pyro-chemical separation.
Irradiation axial swelling of 5% was assumed as for U-Pu-Zr ternary metal fuel, even though the
proposed dispersion fuel is expected to exhibit less irradiation swelling.

Table 3.1 Isotopic Composition of External Feed for ADS Blanket
Nuclide
Np-237
Am-241
Am-243
Cm-243
Cm-245

Fraction (%)
29.6
44.1
16.5
0.1
0.2

Nuclide
Pu-241
Am-242m
Cm-242
Cm-244
Cm-246

Fraction (%)
2.6
1.7
1.9
3.3
0.0

In this study, inhomogeneous fixed source problems were solved for each proposed system point
design with the triangular-z finite difference option of the DIF3D code, using a generic distribution
of spallation neutron source generated for a 1 GeV proton beam and a prototypic lead bismuth
eutectic (LBE) target [61]. Burnup calculations were performed at a constant power level by
increasing the source intensity over an operating cycle to compensate the burnup reactivity loss.
In a REBUS-3 calculation for a fixed-source equilibrium cycle problem, the corresponding
eigenvalue problem is solved first to prepare a good initial guess for the fuel-particle volume
fraction and the stage densities in each depletion zone [38].
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System Point Design and Performance Characteristics
A point reference design of an 840 MWt sodium-cooled ADS blanket with a zirconium-matrix
MA dispersion fuel was developed based on the 840 MWt sodium-cooled ATW blanket design of
Reference 60 with zirconium-matrix TRU dispersion fuel. Using the core configuration of the
ATW blanket design, parametric studies were carried out to achieve a higher fuel discharge burnup.
The burnup reactivity loss was reduced with short irradiation cycle approach, and the optimum
fuel volume fraction was determined to maximize the discharge burnup while satisfying the design
constraints. The system point design is based on the equilibrium cycle performance.

At equilibrium, the MA-10Zr particle fraction in fuel was determined to attain the multiplication
factor at BOEC equal to 0.97. The required fuel inventory in the MA-fueled ADS is larger than
that in the TRU-fueled ATW since the reactivity worth of MA fuel is less than that of TRU fuel.
In order to maintain the same compact core configuration of ATW with a higher fuel inventory, it
was decided to increase the diameter of fuel pins from 0.74 cm to 0.77 cm. The assembly design
parameters of the ADS blanket are summarized in Table 3.2.

Table 3.2 Design Parameters of ADS Blanket
Fuel particle form
MA-10Zr
Structure material
HT-9
Bond material
Na
Assembly pitch (cm)
16.142
Duct outside flat-to-flat distance (cm)
15.710
Duck thickness (cm)
0.394
Number of fuel pins per assembly
271
Pin diameter (cm)
0.770
Pin pitch-to-diameter ratio
1.157
Cladding thickness (cm)
0.056
Fuel smeared density (%)
85.0
Wire wrap diameter (cm)
0.116
Active fuel height (cm)
107.0
Volume fraction
Fuel
0.347
(Fabrication)
Na bond
0.256
Structure
0.061
Coolant
0.335
Number of fuel assemblies Inner zone
42
Middle zone
24
Outer zone
66
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The radial layout of the ADS blanket point design is illustrated in Fig. 3.1. The system is composed
of 19 hexagonal assembly positions containing the LBE target/buffer, 132 fuel assemblies
surrounding the target/buffer, 102 steel reflectors and 60 B4C radial shields. The 132 fuel
assemblies are divided into three zones of different fuel-particle volume fractions (i.e., inner,
middle and outer zones) to flatten the power distribution. The fuel management scheme and the
fuel residence time were determined to satisfy the peak fast fluence limit. Each fuel assembly
remained in the same position without shuffling or rotation. Higher fast flux occurs in the inner
zone because the spallation neutron source is concentrated in the target. In order to satisfy the peak
fast fluence limit, the fuel residence time was reduced for the inner zone. A six-month cycle length
with a capacity factor of 75% was used with 7-batch fuel management scheme for the inner zone,
whereas an 8-batch scheme was used for the middle and outer zones.

Fig. 3.1 Radial Layout of ADS Blanket
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Table 3.3 shows the equilibrium cycle performance of the sodium-cooled ADS blanket. The HM
inventory at BOEC required to achieve the desired multiplication factor of 0.97 is 4208 kg. High
fuel inventory was obtained by the increased fuel volume fraction of dispersion fuel. The fuelparticle volume fractions in the charged fuel are 25.4%, 34.4%, and 38.2% in the inner, middle
and outer zone, respectively. The large amount of fuel inventory reduces the average discharge
burnup and the burnup reactivity loss. The average discharge burnup is 19.6% in the ADS, and the
burnup reactivity loss is 1.3% with a six-month cycle length. The highest fuel particle volume
fraction and peak linear power are 38.2% and 35.9 kW/m, which are within the imposed design
limits. The power distribution is flattened by fuel-particle volume fraction zoning, and as a result,
power peaking factors for each zone are practically the same. The power peaking factors are similar
between BOEC and EOEC, but during burnup, power peaking is shifted from the middle to the
inner zone due to the increased spallation neutron source. The peak fast fluence for the ADS
blanket is currently 3.52×1023 n/cm2, but could be further increased by either extending the cycle
length or improving the capacity factor to attain a higher discharge burnup.

Table 3.3 Equilibrium Cycle Performance of ADS Blanket
Thermal power (MW)
840
Cycle length (EFPD)
135
Capacity factor (%)
75
BOEC heavy metal inventory (kg)
4208
Inner zone
25.4
Fuel particle fraction
Middle zone
34.4
(volume % in matrix)
Outer zone
38.2
BOEC
0.97007
Multiplication factor
EOEC
0.95726
Burnup reactivity loss (%Δk)
1.3
Core-average power density (kW/l)
247.6
Power peaking factor at BOEC/EOEC
1.55/1.58
Inner zone
35.9
Peak linear power (kW/m)
Middle zone
34.5
Outer zone
33.6
Average discharge burnup (atom %)
19.6
23
2
Peak fast fluence (10 n/cm )
3.52
Net TRU consumption rate (kg/year)
233
SFR TRU
233
Equilibrium loading (kg/year) Recycled HM
974
Total HM
1206
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Table 3.4 presents the HM mass flow rates at equilibrium of the ADS blanket. The charged fuel is
primarily made of TRU recovered from the previously discharged ADS fuel and is supplemented
by the MAs recovered from the discharged SFR fuel. The charge rates are slightly smaller than the
feed rates because of the reprocessing and fabrication losses. The negative consumption rate of
Cm-242 is attributed to the short half-life of Am-242, which decays into Cm-242 (83%) and Pu242 (17%) [62]. The MAs recovered from the discharged fuel of the fist-stage SFR are consumed
in ADS at a rate of 226.4 kg/year, and the net TRU consumption rate is 232.6 kg/year.

Table 3.4 Heavy Metal Mass Flow Rates (kg/year) in Equilibrium Cycle of ADS Blanket
Feed
Charge Discharge Consumption ADS TRU SFR TRU
30.8
28.3
2.5
30.2
0.0
5.2
5.2
0.0
5.2
0.0
5.2
5.2
0.0
5.2
0.0
0.0
0.0
0.0
0.0
0.0
182.0
113.7
68.3
114.0
67.8
201.5
192.4
9.1
199.3
0.0
52.8
52.8
0.0
52.8
0.0
89.0
83.1
5.8
87.5
0.0
19.9
15.1
4.9
14.2
6.1
68.0
68.0
0.0
68.0
0.0

Nuclide
U-234
U-235
U-236
U-238
Np-237
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
259.1
Am-242m 22.9
136.6
Am-243
Cm-242
3.3
Cm-243
0.9
Cm-244
98.2
19.5
Cm-245
11.3
Cm-246
MAs
733.8
Total HM 1206.3

155.6
19.0
97.8

103.5
3.9
38.8

156.1
18.9
97.8

102.8
4.1
38.8

10.5
0.8
96.3
19.1
11.3
524.1
974.1

-7.2
0.1
1.8
0.5
0.0
209.8
232.2

1.6
0.8
91.9
19.1
11.3
511.5
973.8

4.6
0.1
7.8
0.5
0.0
226.4
232.6

The high MA containing fuel used in the fast spectrum core could deteriorate the thermal feedback
due to the decreases in both Doppler coefficient and the effective delayed neutron fraction [63].
However, reactivity induced accidents are not plausible in a subcritical ADS with no control
assemblies. In addition, a beam shut-off system can prevent the ADS from overheating in a case
of accidents. These properties can provide additional safety characteristics for ADS.
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4.

STUDY ON MINOR ACTINIDES TRANSMUTATION IN LEUBFR
WITH MODERATED TARGET ASSEMBLIES

The main purpose of the proposed target assembly is to transmute the recovered MAs from
discharged fuels of LEUBFR core [42,43]. During the assumed plant lifetime of 60 years, 533 kg
of MAs are accumulated in the LEUBFR fuel cycle, as discussed in Section 2.5.2. Fig. 4.1 shows
the isotopic composition of discharged MAs from LEUBFR. Np-237 and Am-241 are the main
constituents of the discharged MAs from LEUBFR. The starting cycles of LEUBFR are mainly
loaded with LEU fuel, so Np-237 is a predominant isotope in the discharged MAs. The Am-241
fraction increases with time since Am-241 production increases with increasing Pu loading.
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Fig. 4.1 Isotopic Composition of MAs Discharged from Each LEUBFR Cycle (wt.%)

Averaged over the sixty-year lifetime, 97% of discharged MAs are comprised of Np-237 and Am241 isotopes. As can be seen in Table 4.1, both Np-237 and Am-241 have relatively low fissionto-capture ratios in the fast energy region, but large thermal capture cross sections. This suggests
that Np-237 and Am-241 could be incinerated effectively by first transmuting them into fissile
nuclides (or nuclides of high fission-to-capture ratio) by thermal neutron capture, as depicted in
Fig. 4.2. For example, reactions of neutron capture coverts Np-237 into Np-238, which in turn will
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decay into Pu-238. Pu-238 has a significantly higher fission-to-absorption ratio compared to Np237 in the fast energy region, as shown in Fig. 4.3. Subsequent neutron capture in Pu-238 would
lead to the production of fissile nuclide Pu-239. Similarly, neutron capture in Am-241 would lead
to Am-242m, which is a fissile nuclide. To create a thermal neutron environment within the fast
spectrum system, the MAs can be placed into separate moderated target assemblies.

Table 4.1 Cross Sections in Thermal (PWR [64]) and Fast (LEUBFR) Systems
Typical PWR Spectrum
σf
σc
σf /σc
38.8
8.7
4.46
0.10
0.86
0.12
0.52
33
0.02
134
13.6
9.85
2.4
27.7
0.09
102
58.7
1.74
0.53
210.2
0.00
102.2
40.9
2.50
0.44
28.8
0.02
1.1
110
0.01
595
137
4.34
0.44
49
0.01
1.14
4.5
0.25
88
14
6.29
1.0
16
0.06
116
17
6.82

Nuclide
U-235
U-238
Np-237
Pu-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
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σf
σc
σf /σc
1.62
0.42
3.86
0.04
0.21
0.19
0.35
1.26
0.28
2.34
0.21
11.14
1.05
0.54
1.94
1.63
0.32
5.09
0.36
0.37
0.97
2.11
0.33
6.39
0.25
0.34
0.74
0.25
1.11
0.23
2.73
0.36
7.58
0.19
1.14
0.17
0.16
0.20
0.80
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0.43
0.56
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5.56

50%
n,2n

241

n,g 245

n,2n

Cm

Am

IT (141a, 99.5%)

237

238

Pu

n,2n

Pu

n,g 239
n,2n

Pu

n,g 240
n,2n

Pu

n,g 241
n,2n

Pu

n,g 242
n,2n

Pu

n,g

b- (4.956h)

a (18.1a)

243

Pu

b- (2.117d)

Np

n,g 238

Np

247

Am

e (45.2d)
237

n,g

a (8.5e3 a)

Am

50%
e (16h, 17.3%)

Cm

n,g 244

242

80%
b- (14.4a)

n,g 246

n,2n

b- (~26m, 10.1h)

n,g

243

Am

Cm

neglected

Fig. 4.2 Transmutation and Decay Chains of TRU

a (4.76e3 a)

Cm

45

1.0

PWR

LEUBFR

0.9

Fission/Absorption

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Fig. 4.3 Fission-to Absorption Ratio in Thermal (PWR [64]) and Fast (LEUBFR) Systems

Selection of Moderator and Fuel Materials
To transmute the Np-237 and Am-241 nuclides effectively, a proper moderating material and MA
target composition must be selected. The two most important criteria for the moderating material
are a high slowing-down power, which makes the number of collisions required to thermalize
neutrons small, and a high slowing-down ratio, which yields a high thermal neutron flux. In
considering the MA fuel composition, the important parameters to consider include the thermal
conductivity, melting temperature, material density, fabrication cost, and compatibility with
materials in the surrounding environment (sodium coolant).

Table 4.2 compares the slowing-down power and the slowing-down ratio for typical moderating
materials [65]. Zirconium-hydride has a high moderating capability and it has been extensively
used in TRIGA reactors [66]. Furthermore, zirconium-hydride has relative high thermal
conductivity and decomposition temperature, which are important parameters to consider when
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placing it in the LEUBFR. For these reasons, zirconium-hydride was selected as the moderator for
this study. Fig. 4.4 shows the phase diagram of zirconium-hydride for varying hydrogen content
[67]. The stoichiometry for zirconium-hydride of 1.6 was selected. The delta phase of ZrH1.6 is
stable up to a temperature of at least 1000 °C.

Table 4.2 Comparison of Key Parameters for Moderating Materials [65]
Material
Graphite
ZrH1.94
ZrD1.75
YH1.89
CeH2.12
*

Slowing-Down
Power
0.06
1.54
0.20
1.22
1.03

Thermal Absorption
Cross Section* (barns)
0.0004
0.030
0.007
0.054
0.032

Slowing-Down
Ratio
170
51
31
23
32

Absorption cross section at 0.0253 eV

Fig. 4.4 High Hydrogen Composition Region of Zirconium-hydride Phase Diagram [67]
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To take the advantage of the demonstrated performance of metal fuels, the MA-containing metal
alloy fuel was selected as the MA target material. The MA fuel composition was chosen to be MA40Zr under the assumption that it would have similar properties as the Pu-40Zr and Pu-MA-40Zr
fuels. Metal fuel samples of Pu-40Zr, Pu-12Am-40Zr and Pu-10Am-10Np-40Zr were irradiated in
the Advanced Test Reactor and included in the Advanced Fuel Cycle irradiation test series to
evaluate the effects caused by the existence of MAs [68,69]. Recent experimental results showed
that the major irradiation performance variables of the metal fuel samples are similar to those of
U-Zr and U-Pu-Zr fuels [68,69], which are the startup and recycled fuel types of the first-stage
SFR of the two-stage fuel cycle option, respectively.

For the target assembly configuration, a heterogeneous lattice of MA-40Zr target pins and ZrH1.6
moderator pins was selected instead of mixing the target and moderator materials. Separate target
and moderator pins would make fabrication and reprocessing easier and allow a higher linear
power. The thermal neutron leakage from the target assembly to the neighboring fuel assemblies
is reduced by replacing some MA target pins with thermal neutron filter pins. In order to reduce
the amount of LLFP to be sent to the repository, LLFP is used as the thermal neutron filter.

Design Constrains
The increased moderation in the MA target assembly results in an increased power peaking in the
adjacent fuel assemblies and the moderated target assemblies themselves when a significant
amount of MAs are converted into fissile nuclides. As a result, the moderator volume fraction in
the target assembly is limited by the peak linear power limit on the adjacent fuel assemblies and
the moderated MA target assemblies. Since the linear power in the target assembly is proportional
to the irradiation time (i.e., the core residence time of a target assembly), the target irradiation time
is also constrained.
As discussed in Section 2.3, a fast fluence limit for HT-9 cladding was assumed about 4×1023
n/cm2 and the thermal design of fuel assemblies was constrained by the limits of fuel centerline
temperature and the cladding inner wall temperature. Based on single channel thermal-hydraulic
analyses, it was found that the linear power limit from the constraint on the cladding inner wall
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temperature is lower than that from the constraint on the fuel centerline temperature. Therefore,
the thermal constraint on the cladding inner wall temperature was selected as the design constraint.
Since the maximum estimated Pu fraction in the SFR core was about 13.3 wt.% at the EOL core,
the threshold temperature for the liquefaction point was estimated to be approximately 685 °C for
the fuel assembly based on a series of out-of-pile experiments [70], which was determined with 14
wt.% Pu in U-Pu-10Zr fuel. By applying a 15 °C margin and 2-sigma hot channel factor
uncertainties to the design limit, a maximum peak linear power of 54.8 kW/m was obtained. Based
on this design limit and the peak linear power in neighboring fuel assemblies calculated with nonequilibrium cycle-by-cycle analyses with homogenized assembly models, a maximum allowable
local power peaking factor in neighboring fuel assemblies was determined to be 1.40.

The liquefaction temperature of target assembly would change with the isotopic compositions of
MA fuel. However, almost no experimental information is available on the system containing Np,
Am, Pu, Zr, and Fe. Therefore, the phase diagram for the Np-Fe system proposed by J. K. Gibson
[71] was used for determining the eutectic temperature of MA target fuels with HT-9 cladding
since Np is the major nuclide in target pins. The eutectic temperature for the Np-Fe system is
between the corresponding temperatures for the U-Fe and Pu-Fe systems. Compared to the U-Pu10Zr fuel, the increased Zr weight fraction in the target composition can compensate for the
deteriorated thermal properties due to the presence of MA. Consequently, for the MA-40Zr target
assembly, a threshold temperature of 620 °C was selected for the liquefaction point. The peak
linear power limit of the target assembly was determined to be about 44 kW/m based on single
channel thermal-hydraulic analyses as well.

Computational Methods and Models
The ANL suite was used for analyzing the SFR with target assemblies. Using the DIF3D/REBUS3 code system [29,30,32], equilibrium and non-equilibrium cycle analyses were performed with
3-dimensional hexagonal-z geometry full-core models. For each composition in the SFR core
except for the moderated target assembly, region-dependent, 33-group neutron cross section sets
were generated using the MC2-3 code [27] and the ENDF/B-VII.0 cross section library.
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Since the thermal spectrum calculation capability of MC2-3 is still under development, this
capability of MC2-3 is not explored in this study. Instead, the cross sections of moderated target
assemblies were generated by combining MCNP6 [72] and MC2-3 calculations. For the MC2-3
calculation, a one-dimensional model consisting of a homogeneous target assembly located
between the outer core and reflector regions was used for generating the group-to-group scattering
matrices. A whole core model of MCNP6 was developed to generate the principal cross sections
for the target assembly. Fig. 4.5 to Fig. 4.8 compare 33-group cross sections of Np-237 and Am241 obtained with the MC2-3 and MCNP6 codes. To correct the deviations in the thermal and
epithermal regions, cross sections obtained from MC2-3 were replaced with MCNP6 cross sections
for the 12 groups from 22 to 33.
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Fig. 4.5 Total Cross Section of Np-237 Calculated by MC2-3 and MCNP6
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Fig. 4.6 Fission Cross Section of Np-237 Calculated by MC2-3 and MCNP6

1000

Total Cross Section (barns)

MC2-3

MCNP6

100

10

1
1.0E-01

1.0E+00 1.0E+01 1.0E+02 1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07

Energy (eV)

Fig. 4.7 Total Cross Section of Am-241 Calculated by MC2-3 and MCNP6
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Fig. 4.8 Fission Cross Section of Am-241 Calculated by MC2-3 and MCNP6

In the calculation of peak linear power, the power gradient across a homogenized fuel assembly is
taken into account by the region-specific peak power densities of REBUS-3 depletion calculations.
Therefore, we need to consider only the pin power increase in a heterogeneous assembly
configuration due to the local distribution of the thermal flux leaking from the moderated target
assembly. In order to estimate the increase in the local power peaking, two whole-core MCNP6
models shown in Fig. 4.9 and Fig. 4.10 were developed: one with no target assembly and the other
with moderated target assembly. The fission energy of each pin cell was calculated using the F7
tally function of MCNP6. The power peaking factor of each fuel pin is determined by dividing the
fission energy in each fuel pin by the average value over the fuel pins in the corresponding
assembly. The power peaking factor of an assembly is obtained by the maximum value of the pin
power peaking factors in the assembly. The local power peaking increase in a neighboring fuel
assembly due to the moderated target assembly is determined by the ratio of the assembly power
peaking factor with the MA target assembly to the averaged pin power of the same assembly in
the base case with no MA target assembly.
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Fig. 4.9 Whole-core MCNP6 Model for Base Case with No Target Assembly

Fig. 4.10 Whole-core MCNP6 Model with Moderated Target Assembly
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For the finalized design, detailed steady-state thermal-hydraulic analyses were performed to
evaluate the pin temperature distribution in the LEUBFR core with moderated target assemblies.
Heating rates for thermal-hydraulic calculations were determined by coupled neutron and gamma
heating calculations. For these heating calculations, region-dependent 33-group neutron cross
sections (ISOTXS), 21-group gamma cross sections (GAMISO), and gamma production cross
sections and heating factors (PMATRX) were generated based on a two-dimensional full-core RZ
model using the MC2-3 code. The coupled neutron and gamma heating calculations were done in
several steps. The neutron flux was first calculated using the triangular-z finite difference option
of the DIF3D code and the ISOTXS cross section set. Using the calculated neutron flux and the
PMATRX data set, the photon source distribution induced by neutron reactions was computed
with the GAMSOR code [52]. With this calculated gamma source distribution, the gamma flux
was calculated by solving a fixed source problem using the DIF3D code and the GAMISO cross
section set. Finally, using the calculated neutron and gamma fluxes and the heating factors called
KERMA (Kinetic Energy Release in Materials) factors provided in the PMATRX dataset, the
neutron, gamma, and total heating rate distributions were calculated using the SUMMAR module
of DIF3D. These heating rate distributions were normalized such that the total heating rate (i.e.,
the sum of neutron and gamma heating rates) is equal to the rated power.

Using the power distributions, whole-core temperature calculations were performed using the subchannel analysis code SE2-ANL [35]. The coolant inlet and bulk outlet temperatures were set to
355 ºC and 510 ºC, respectively. The average flow rate was determined such that the average
temperature rise in coolant across the core is 155 ºC. Sodium coolant flow was distributed to the
assemblies with the overall goal of equalizing the accrual of pin cladding damage.

Target Assembly Design Studies
Using the selected MA-40Zr fuel and ZrH1.6 moderator, parametric studies were performed to
determine the optimal fuel to moderator ratio in the target assembly. The MA target fuel to
moderator ratio was varied by adjusting the numbers and sizes of the target and moderator pins
with fixed assembly dimensions. Results show that the effective one-group capture cross section
(relative transmutation rate) of MA increases monotonically with increasing moderator to MA
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target fuel volume ratio but the increased moderator volume fraction results in a reduced MA
loading and hence a reduced absolute transmutation rate. Thus, a trade-off between the relative
and absolute transmutation rates needs to be made depending on the imposed design constraints.
Since the MA production rate is relatively low in the first-stage SFR core starting from U-10Zr
fuels, there exist more than sufficient spaces for target assemblies in the core that can accommodate
the MA production in the first-stage SFR. As a result, a higher MA burnup, which is favorable to
reducing the reprocessing loss of MA, can be achieved by loading multiple target assemblies with
a smaller amount of MA. Therefore, the moderator volume in the target assembly was maximized
within the peak linear power limit of target pins. Furthermore, results show that the target pin size
that affects the homogenized one-group cross section through the change in the spatial selfshielding effect is relatively small. Thus, a relatively larger pin size of 9.5 mm diameter was
selected to increase the MA loading per pin, which would increase the absolute transmutation rate.
Under the same assembly dimensions with the fuel assemblies in the core, this yields a target
assembly of 169 pins.

The moderator volume fraction in the target assembly is limited by the peak linear power limit on
the fuel and target assemblies. Since the linear power in the target assembly is proportional to the
irradiation time, i.e., the core residence time of a target assembly, the target irradiation time is also
constrained. Fig. 4.11 shows the peak linear power in the target assembly after one cycle irradiation
as a function of the moderator volume fraction in the target assembly. Using the peak linear power
limit of 44 kW/m mentioned Section 4.2, the upper limit of the moderator volume fraction that
allows at least one cycle irradiation is around 40%. For the target assembly design with a smaller
moderator volume fraction, the number of irradiation cycles can be increased so that the peak linear
power at the end of irradiation approaches to the design limit. However, the transmutation rate per
cycle increases with moderator volume fraction in the target assembly. To maximize the overall
transmutation performance, a target assembly design with a moderator volume fraction of 39.2%
was selected in this study, which satisfies the design limit imposed on the peak linear power in the
target assembly.
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Fig. 4.11 Peak Linear Power after One Irradiation Cycle vs. Moderator Volume Fraction
Fig. 4.12 shows the reference configuration of the target assembly. The target assembly contains
169 pins of 9.5 mm diameter and has the same assembly dimensions as the fuel assembly of the
first-stage SFR [42]. Twenty-four MA target pins, one hundred and twenty-seven moderator pins,
nine technetium (Tc) pins and nine calcium iodide (CaI2) pins are almost evenly distributed in the
target assembly. The red, blue, orange and yellow pins represent the MA, ZrH1.6, Tc and CaI2 pins,
respectively. The number of LLFP pins was determined based on the available amount of
recovered LLFP from discharged fuels of the first-stage SFR and the loading management scheme
of MA target assemblies. As can be seen in Fig. 4.12, some of the MAs pins and two types of
thermal neutron filter pins are placed at the fuel assembly and target assembly interface to reduce
the leakage of moderated neutrons to the fuel assemblies.
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Fig. 4.12 Target Assembly Layout (red: MAs, blue: ZrH1.6, orange: Tc and yellow: CaI2)

Sub-channel Thermal–hydraulic Analysis
To assess the power peaking effects induced by the moderated target assembly, two heating
calculations were performed: one with no target assembly and the other with moderated target
assemblies. The core configurations for the DIF3D models were extracted from the output of the
REBUS-3 fuel cycle analysis of LEUBFR. Since the maximum peak linear power of neighboring
fuel assemblies occurs at the cycle 16, the BOC and EOC configurations of the cycle 16 were
analyzed. The pin power distributions of the case with the moderated target assemblies were
calculated by superimposing the local pin power factors in the target and adjacent fuel assemblies
determined from a MCNP6 calculation with heterogeneous assembly geometries, on the
reconstructed pin power distributions from the DIF3D calculations with homogenized assemblies.

Fig. 4.13 gives the LEUBFR core configuration with two target assemblies loaded in the reflector
zone and the associated assembly numbers to be used in presenting the calculation results later.
Fig. 4.14 shows the assembly power distributions at BOC and EOC of the cycle 16. The left hand
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side (LHS) figure is for the core without the target assembly and the right hand side (RHS) figure
is for the core with the target assemblies, which were loaded at BOC of the cycle 16. It is observed
that the moderated target assemblies reduce the power production in the assemblies near the target
assemblies (within 3 or 4 rows of assemblies from the target assemblies) and increase the power
production in the assemblies far from the target assemblies. This power shift mitigates the local
power peaking effects induced by the moderated target assemblies. The combined effects of the
increased pin peaking factor and the decrease of total assembly power result in a decrease in the
peak linear power in the fuel assemblies adjacent to target assemblies. In the target assemblies, the
power production increases from BOC to EOC because of the fissile material build-up in the MA
target pins. In addition, the fission reactions occurred in the target assemblies produced more
gamma rays than in the case without target assemblies. The gamma rays were then transported to
the nearby reflectors, where the gamma heating is the dominant heat source. Therefore, slightly
increased power levels in reflectors were observed as shown in Fig. 4.14.

Fig. 4.13 Assembly Numbering of LEUBFR Core (1/3 Core)

Fig. 4.14 Power Distributions (MWt) in LEUBFR Core without (Left) and with Target Assemblies (Right)
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Fig. 4.15 compares the radial flux distributions around a target assembly (i.e., assembly 66) for the
two core configurations. It can be seen that the target assemblies reduce the fast flux in its
neighboring fuel assemblies, ~15% in the next assembly. The fast neutrons leaking from the next
fuel assembly are moderated in the target assembly by zirconium hydride moderator pins.
Consequently, the moderated target assemblies become a fast neutron sink and lead to a flux
depression in the neighboring fuel assemblies.
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Fig. 4.15 Radial Flux Distributions in LEUBFR Core with and without Target Assembly
Orifice zoning of assemblies and flow allocation to the assemblies in each orifice zone were
iteratively determined with the overall goal of equalizing the accrual of fuel pin damage. The fuel
assembles were grouped into five orifice zones, considering the assembly power levels and the
fuel management scheme. The non-fueled assemblies were grouped into four orifice zones. The
assembly flow rates in non-fueled orifice zones were determined to be proportional to the assembly
power to yield a uniform coolant outlet temperature. A separate orifice zone was assigned to the
target assemblies. The assembly flow rates in individual orifice zones were iteratively determined
such that the peak 2-sigma cladding mid-wall temperatures of individual fuel assemblies were
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equalized over the cycle. Hot channel factors for PRISM design were used for 2-sigma cladding
and fuel temperature calculations. Fig. 4.16 shows the resulting orifice zones and assembly flow
rates of the LEUBFR core.

Fig. 4.17 shows the maximum 2-sigma cladding inner wall temperatures of LEUBFR core for the
core configurations of the cycle 16 without and with the target assemblies. In both cases, the
maximum 2-sigma cladding inner wall temperature occurs at the outer core assemblies in the
eighth row at BOC. The temperature of LEUBFR core without target assemblies moves to the
middle core assemblies in the sixth row at EOC, while it moves to the inner core assemblies in the
second row at EOC for LEUBFR core with the target assemblies. The overall maximum 2-sigma
cladding inner wall temperatures during a cycle is 648.4 ºC in the case with no target assembly
and 649.2 ºC in the case with the moderated target assemblies. These peak temperatures satisfy the
imposed design limit of 650 ºC.

Fig. 4.18 shows the minimum 2-sigma margins to the fuel melt for each assembly for the cases
without and with the target assemblies. In both cases, the minimum 2-sigma margin to the fuel
melt among all the assemblies occurs in the outer core assemblies in the eighth row at BOC, and
it moves to the middle core assemblies in the sixth row at EOC. The minimum 2-sigma margin to
fuel melt is 151.6 ºC in the case with no target assembly and 142.4 ºC in the case with target
assemblies. These results indicate that the peak fuel temperature in both cases has a significant
margin of ~150 ºC to the fuel melting temperature (~1100 ºC).

Fig. 4.19 shows the pin-bundle pressure drops of fuel and target assemblies. The height of pin
bundle is set as 381.6 cm, which includes the height of active core, fission gas plenum, lower shield
and end plug. The maximum pressure drop across the pin bundle is about 0.43 MPa in the case
with no target assembly and about 0.45 MPa in the case with target assemblies. The pin-bundle
pressure drops of LEUBFR are slightly higher than the pressure drops in the ABR design, from
which the LEUBFR core design started. The maximum pin-bundle pressure drop of ABR is 0.38
MPa [51]. The thicker pin design of LEUBFR core results in a decreased flow area in the fuel
assembly and hence the flow velocity is increased. In addition, the increased core height in
LEUBFR also contributes to the higher pin bundle pressure drops.

Fig. 4.16 Orifice Zones and Assembly Flow Rates (kg/s) of LEUBFR Core without (Left) and with Target Assemblies (Right)

61

Fig. 4.17 Maximum 2-sigma Cladding Inner Wall Temperatures (ºC) of LEUBFR Core without (Left) and with Target Assemblies
(Right)

62

Fig. 4.18 Minimum 2-sigma Margins to Fuel Melt (ºC) of LEUBFR Core without (Left) and with Target Assemblies (Right)
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Fig. 4.19 Average Pin Bundle Pressure Drop (MPa) of LEUBFR Core without (Left) and with Target Assemblies (Right)
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Transmutation Performance of LEUBFR with Moderated Target Assemblies
The transmutation performance of the moderated target assembly was estimated under the
assumption that the bred plutonium and MAs in target assemblies would be recycled into the firststage SFR and the remaining MAs would be sent to the second-stage ADS if the total amount of
recovered MA were larger than the capacity of target assemblies. It was also assumed that
plutonium and MA are recovered in two separate production streams. The recovered plutonium
from target assemblies is mixed with the recovered uranium and plutonium from the discharged
fuels and recycled into the fuel assemblies. The recovered MA from the discharged fuels of both
fuel and target assemblies is recycled back into the target assemblies.

The core residence time of target assemblies was one burn cycle, which was constrained by the
peak cladding inner wall temperature. Based on the results of the equilibrium cycle analysis of the
first-stage SFR with 18-month cycle length and 90% capacity factor, a loading scheme of six target
assemblies was selected to minimize the buildup of MAs in the first-stage SFR core at the
equilibrium state.

Table 4.3 shows the MA contents in discharged fuel assemblies and the TRU contents in target
assemblies at the equilibrium state of LEUBFR core. A total amount of 17.88 kg of MA is loaded
in the target assemblies, whereas 19.62 kg of MA is recovered from discharged fuel and target
assemblies. Therefore, the amount of MA to be sent to the ADS is 1.74 kg. After one cycle
irradiation, the remaining MA and the Pu generated in the target assemblies are 9.16 kg and 3.20
kg, respectively. A transmutation rate of 48.8% and an absolute transmutation amount of 8.72 kg
are obtained with six target assemblies. It was found that the total amount of transmuted MA is
saturating with increasing number of target assemblies. When twelve target assemblies were used,
the MA transmutation rate was roughly 8.72 kg/cycle and higher mass actinides were increased
due to the successive neutron captures.
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Table 4.3 TRU Mass Flow per Cycle in Fuel and Target Assemblies at Equilibrium State of
LEUBFR
Nuclide
Np-237
Pu-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246
MAs
TRU

Discharged fuel
assemblies
Mass, kg Fraction, %
2.99
28.6
------------4.62
44.2
0.18
1.7
1.97
18.8
0.20
1.9
0.01
0.1
0.46
4.4
0.03
0.3
0.00
0.0
10.5
10.5

Target Assemblies
BOEC
Mass, kg Fraction, %
20.9
3.75
------------24.6
4.40
1.0
0.17
13.1
2.34
1.4
0.24
0.2
0.04
28.8
5.15
1.8
0.32
8.2
1.47
17.9
17.9

EOEC
Mass, kg Fraction, %
0.84
6.8
0.00
0.0
2.23
18.0
0.36
2.9
0.14
1.1
0.18
1.4
0.29
2.3
0.05
0.4
0.00
0.0
0.73
5.9
0.52
4.2
0.04
0.3
5.18
41.9
0.31
2.5
1.49
12.1
9.2
12.3

The results from the equilibrium cycle analysis show that the use of moderated target assemblies
could effectively reduce the amount of MAs to be sent to the second-stage ADS. Using the same
loading scheme of six target assemblies, non-equilibrium cycle-by-cycle analyses were performed
to study the overall MA transmutation performance of the first-stage SFR core over the assumed
plant lifetime of 60 years. It was assumed that a target assembly would be fabricated only when
the recovered amount of MAs is sufficient to fabricate at least one assembly. Based on the available
amount of recovered MA, the target assemblies were loaded into the core from the 9-th cycle. After
one irradiation cycle in the core, six target assemblies were discharged and sent to the reprocessing
plant. Considering the reprocessing and fabrication times, it was assumed that the MA in the target
and fuel assemblies discharged at the end of the n-th cycle would be recycled to the core at the
beginning of the (n+2)-th cycle. Since the amount of recovered MA varied with burn cycles, some
MA pins were replaced with LLFP pins when the available MA was less than the MA loading in
the reference design of target assembly. Total one hundred and ninety-two target assemblies were
loaded in the core over an assumed plant lifetime of 60 years.
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Fig. 4.20 presents the accumulated amount of MA in the first-stage SFR core as a function of burn
cycles. Without MA recycling in the SFR, 533.0 kg of MA and 395.7 kg of LLFP were
accumulated for the assumed plant lifetime of 60 years. Note that only Tc and I were included in
the accumulated LLFP. With the use of 192 target assemblies, overall transmutation fractions of
88.6% and 36.1% were obtained for MA and LLFP, respectively. It can be seen that the MA
produced in each cycle can be consumed in six target assemblies from cycle 9 to cycle 38. The
inventory of MA left at the end of plant lifetime is the MA remaining in the target assemblies
discharged at the end of cycles 39 and 40, which have not been recycled. On the other hand, LLFP
was produced more in the core than consumed in six target assemblies, and thus the accumulation
increases with burnup cycles. These results indicate that MA can be more effectively transmuted
than LLFP with the current design of moderated MA target assembly. This is due to the relatively
large loading of MA than that of LLFP. The MA and LLFP inventories at the end of plant lifetime
are 61.0 kg and 253.0 kg, respectively, and they need to be burned in the second-stage ADS.
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Fig. 4.20 Accumulated MAs and LLFPs vs. Burn Cycle of LEUBFR Core
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5. DEVELOPMENT OF A PIN DEPLETION METHOD BASED ON
VARIANT TRANSPORT CALCULATION

Introduction
The fuel cycle performance parameters presented in Sections 2, 3, and 4 were evaluated using the
ANL suit of fast reactor analysis codes, in which the fast reactor core is modeled with homogenized
assemblies. Section 4.6 shows MAs can be effectively transmuted in the moderated target
assembly and the use of moderated target assembly in SFR reduces the amount of MAs to be sent
to ADS by a factor of six compared to that of the fuel cycle with no recycling of MAs in SFR. The
enhanced transmutation performance is the direct result of increased neutron cross sections in the
thermal energy region. However, the increased neutron cross section leads to a shorter neutron
mean free path, which potentially challenges the credibility of simulation results calculated by the
conventional fast reactor neutronics analysis method. Moreover, as can be seen in Fig. 4.12, the
final design of the moderated target assembly was very complicated and a strong flux
heterogeneity inside the target assembly is expected due to the presence of moderator pins.
Therefore, the neutron flux varies between target pins and the neutronics property of the target
assembly differs significantly from that of other assemblies.

To improve the accuracy in modeling fast reactors with local moderated zones; i.e., the two-stage
fuel cycle option with moderated target assemblies in the fast reactor core, a pin depletion method
has been developed and implemented into a code named VAREPD (a code for VARIANT solution
REconstruction and Pin Depletion). This method is expected to accurately predict the intraassembly distributions of flux and nuclide densities, which could be used as the basis in further
calculation of power and other burnup characteristics. With known distributions of flux and power,
the design optimization of moderated target assembly can be performed within specified design
limits. This method is also favorable for the post irradiation examination, in which an accurate
assessment of the fluence distribution is important.

This chapter presents: 1) the development of VAREPD, including the flux reconstruction scheme,
the method for burnup calculation, as well as the modules and data management and 2) the
verification test of the new pin depletion method, including a brief introduction of the SERPENT
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code, the homogenized multi-group cross section generation, the comparison of steady-state and
depletion results, and conclusions.

Method for Pin-wise Flux Reconstruction
The reconstruction method is often used to recover intra-nodal pointwise neutronics quantities
after the whole-core homogenized assembly neutronics calculation. RCT [33] is one of the wellknown code used to reconstruct the pin power and burnup characteristics for fast reactor analyses.
The reconstruction method in RCT is based on the DIF3D nodal method, which is a transverseintegrated nodal method. RCT post processes the DIF3D/REBUS-3 solution and uses the
polynomial expansion method to calculate intra-nodal flux and nuclide density distributions under
the assumption that flux is separable in the radial and axial directions within a node. The
reconstructed flux and nuclide density distributions are then used to calculate intra-nodal
distributions of power and burnup characteristics. However, RCT is not designed to model
assemblies with the complex configuration and the method used in RCT may not provide accurate
results for the strongly heterogeneous flux distribution inside the moderated target assembly.

The method used in VAREPD for flux reconstruction is based on the VARIANT transport
calculation that eliminates the separability assumption used in RCT. To account for the intra-nodal
heterogeneity, local form functions are superimposed on the reconstructed fluxes that obtained
from VARIANT homogenized transport calculation. Use of form functions to describe the intranodal heterogeneities is a common method currently used in the LWR neutronics analysis and the
form functions can be obtained from the infinite-medium lattice calculation or other calculations
that take into account the boundary conditions [73]. These detailed pin-by-pin flux distributions
are then used along with pin-by-pin cross sections for the burnup calculation. Note that part of the
flux reconstruction scheme used in VAREPD code is adopted from CURVE code [74], which is a
computational utility developed to reconstruct VARIANT solution for power evaluation.
5.2.1 Nodal transport solution of VARIANT
This subsection discusses the multi-group transport equation, the second-order form of even-parity
transport equation and the solution method of VARIANT. VARIANT employs the variational
nodal method to solve the second-order even-parity transport equation [31], which preserves the
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nodal neutron balance and allows the solution refinement using higher order complete polynomial
trial functions in the space and spherical harmonics in the angle. The variational formulation of
transport equation can be solved effectively using the classical Ritz procedure. Trial functions
expanded with polynomials of fourth or sixth order are typically used to represent flux distributions
within nodes. More detail discussions of VARIANT can be found in References 31, 75, and 76.

The short time phenomena in nuclear reactors that are associated with rapid changes in the core
neutron population can be modeled by solving the time-dependent transport equation along with
the delayed neutron precursor equations. Representing the first-order time derivative by a finite
difference approximation, however, the time-dependent Boltzmann equation can be cast into the
time-independent transport equation with modified absorption and source terms. Thus, for
simplicity, the steady-state neutron transport equation is used here, which can be presented as:

Ω ∙ ∇𝜓(𝑟, 𝐸, Ω) + Σ𝑡 (𝑟, 𝐸)𝜓(𝑟, 𝐸, Ω) = 𝑆𝑠 (𝑟, 𝐸, Ω) +

1
𝑆 (𝑟, 𝐸)
4𝜋 𝑓

+ 𝑆𝑒𝑥 (𝑟, 𝐸, Ω)

(5.1)

where 𝜓(𝑟, 𝐸, Ω) represents the neutron angular flux of energy E moving in the direction
Ω at the position r. The total cross section Σ𝑡 (𝑟, 𝐸) represents the sum of all possible probabilities
for a neutron of energy E to interact with materials at the position r. 𝑆𝑠 , 𝑆𝑓 and 𝑆𝑒𝑥 are the
scattering, fission, and external neutron sources, respectively. The scattering and fission sources
are the integral functions of the angular flux, which can be written as
𝑆𝑠 (𝑟, 𝐸, Ω) = ∑𝑖 𝑁𝑖 (𝑟) ∫𝐸′ 𝑑𝐸 ′ ∫4𝜋 𝑑Ω′ 𝜎𝑠𝑖 (𝐸 ′ → 𝐸, Ω′ → Ω)𝜓(𝑟, 𝐸 ′ , Ω′ )
∞

𝑆𝑓 (𝑟, 𝐸) = ∑𝑖 𝑁𝑖 (𝑟) ∫0 𝑑𝐸 ′ 𝛸 𝑖 (𝐸 ′ → 𝐸)𝜈 𝑖 (𝐸 ′ )𝜎𝑓𝑖 (𝐸 ′ ) ∫4𝜋 𝑑Ω′ 𝜓(𝑟, 𝐸 ′ , Ω′ )

(5.2)

(5.3)

where 𝑁𝑖 (𝑟) is the number density of nuclide i at position r. The scattering kernel
𝜎𝑠𝑖 (𝐸 ′ → 𝐸, Ω′ → Ω) is the probability that an incident neutron of energy 𝐸 ′ moving in the direction
Ω′ is scattered by a nuclide i and appears in the direction 𝛺 with energy E. 𝜎𝑓𝑖 (𝐸 ′ ) is the
microscopic fission cross section of nuclide i at energy 𝐸 ′ . 𝜈 𝑖 (𝐸 ′ ) is the total number of fission
neutrons produced by a fission of nuclide i at energy 𝐸 ′ , and 𝛸 𝑖 (𝐸 ′ → 𝐸) is the probability that a
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fission neutron produced by a fission of nuclide i induced by an incident neutron at energy 𝐸 ′
appears with energy E. When there is no external source, Eq. (5.1) is generally cast into the form
of an eigenvalue problem by dividing the fission source by the multiplication factor.

By applying a multi-group approach [77] to the energy dependence of the neutron flux, dividing
the energy range of interest into G intervals with an upper energy cutoff E0 and lower energy cutoff
EG, the Eq. (5.1) can be write as a set of multi-group equations
Ω ∙ ∇𝜓𝑔 (𝑟, Ω) + Σ𝑡𝑔 (𝑟)𝜓𝑔 (𝑟, Ω) = 𝑄𝑔 (𝑟, Ω)

(5.4)

where 𝑄𝑔 is the group source and the group angular flux 𝜓𝑔 is defined by
𝐸

𝜓𝑔 (𝑟, Ω) = ∫𝐸 𝑔−1 𝑑𝐸𝜓(𝑟, 𝐸, Ω)
𝑔

(5.5)

By separating out the within-group scattering source 𝑊𝑔 , Eq. (5.4) can be rewritten as
Ω ∙ ∇𝜓𝑔 (𝑟, Ω) + Σ𝑡𝑔 (𝑟)𝜓𝑔 (𝑟, Ω) = 𝑊𝑔 (𝑟, Ω) + 𝑆𝑔 (𝑟, Ω), 𝑔 = 1, … , 𝐺

(5.6)

where 𝑆𝑔 includes the out-of-group scattering source and the fission neutron source

To derive the second-order even-parity transport equation, the first step is to split the angular flux
between even- and odd-parity components in the multi-group transport equation as:
𝜓𝑔 (𝑟, Ω) = 𝜓𝑔+ (𝑟, Ω) + 𝜓𝑔− (𝑟, Ω)

(5.7)

where + denotes the even-parity and - denotes the odd-parity. The even- and odd-parity angular
fluxes satisfy the following properties:
𝜓𝑔+ (𝑟, −Ω) = 𝜓𝑔+ (𝑟, Ω)

(5.8)
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𝜓𝑔− (𝑟, −Ω) = −𝜓𝑔− (𝑟, Ω)

(5.9)

The even- and odd-parity transport equations can be obtained by adding and subtracting transport
equation for Ω and −Ω directions, respectively. The odd-parity transport equation is solved for the
odd-parity angular flux. Then, by eliminating the odd-parity angular flux in the even-parity
transport equation, the second-order form of the even-parity transport equation can be obtained as:

1
Ω
𝑡,𝑔 (𝑟)

−Ω ∙ ∇ [Σ

∙ ∇𝜓𝑔+ (𝑟, Ω)] + Σ𝑡𝑔 (𝑟)𝜓𝑔+ (𝑟, Ω) = Σ𝑠,𝑔→𝑔 (𝑟)𝜙𝑔 (𝑟) + 𝑄𝑔 (𝑟, Ω)

(5.10)

For simplicity, the isotropic scattering is assumed in the derivation of Eq. (5.10). For a general
case with anisotropic scattering, the even- and odd-parity fluxes can be expanded into spherical
harmonics as discussed in Reference 76.

The variational nodal method is based on the second-order even-parity transport equation and
derived from the functional defined on nodal volumes and nodal interfaces, where the odd-parity
flux is used as a Lagrange multiplier. Requiring this functional to be stationary with respect to
variations of 𝜓𝑔+ and 𝜓𝑔− leads to the second-order form of the even-parity equation within each
node, given in Eq. (5.10), and the odd-parity transport equation at the interfaces
Ω ∙ ∇𝜓𝑔+ (𝑟, Ω) + Σ𝑡,𝑔 (𝑟)𝜓𝑔− (𝑟, Ω) = 0

(5.11)

This functional is reduced to a quadratic form by expanding the even- and odd-parity fluxes in
terms of complete polynomial trial functions in the space and spherical harmonics in the angle.
The intra-nodal distribution of the even-parity angular flux of group g is expanded as:
+
𝜓𝑔+ (𝑟, Ω) = ∑𝑖,𝑚 𝑓𝑖 (𝑟)𝑔𝑚 (Ω)𝜁𝑔𝑖𝑚

(5.12)

where 𝑓𝑖 (𝑟) ’s are complete polynomial trial functions, 𝑔𝑚 (Ω) ’s are even-order spherical
+
harmonics, and 𝜁𝑔𝑖𝑚
’s are the expansion coefficients called flux moments. The odd-parity angular

flux on each nodal interface 𝛾 is represented as:
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−
− (𝑟,
𝜓𝑔𝛾
Ω) = ∑𝑗,𝑛 ℎ𝛾𝑗 (𝑟)𝑘𝛾𝑛 (Ω)𝜁𝑔𝛾𝑖𝑚

(5.13)

where ℎ𝛾𝑗 (𝑟)’s are polynomial trial functions and 𝑘𝛾𝑛 (Ω)’s are odd-order spherical harmonics.
+
The linear system of equations for expansion coefficients or even- and odd-flux moments 𝜁𝑔𝑖𝑚
and
−
𝜁𝑔𝛾𝑖𝑚
is obtained by requiring the reduced functional to be stationary with respect to variations of

these flux moments. Eventually, by applying a linear transformation of variables to the equations
+
−
in 𝜁𝑔𝑖𝑚
and 𝜁𝑔𝛾𝑖𝑚
, a set of nodal response matrix equations are obtained for space-angle partial

current moments for neutrons exiting and entering the node. The inter-nodal continuity conditions
for partial current moments are then used to solve global equations iteratively.

Once the partial current moments are obtained, the nodal even-parity flux moments and hence the
scalar flux distribution can be recovered. Using the isotropic components of the even-parity flux
moments, the scalar flux distribution of group g within a node k can be obtained as:
+
+
(𝑟, 𝛺) 𝑑𝛺 = ∑𝑖 𝑓𝑖 (𝑟)𝜁𝑔𝑖0,𝑘
𝜙𝑔,𝑘 (𝑟) = ∫4𝜋 𝜓𝑔,𝑘

(5.14)

5.2.2 Flux reconstruction based on VARIANT solution
As mentioned above, the local heterogeneous effect has to be considered in the flux reconstruction
scheme due to the complex design of moderated target assembly. Thus, the intra-assembly flux
distribution is evaluated in two steps. First, the intra-assembly flux distribution is reconstructed at
each fuel pin position using the VARIANT solutions. Then, local form functions are superimposed
on the reconstructed pin fluxes. Note that the form functions currently used are obtained from the
SERPENT calculation, but they can be determined by any other code which performs
heterogeneous calculations.

As shown in Eq. (5.14), the intra-assembly scalar flux distributions can be determined directly
from the known spatial trial functions and flux moments of VARIANT. The expansion coefficients
+
𝜁𝑔𝑖0,𝑘
in Eq. (5.14) are called flux moments and can be retrieved from the NHFLX0 dataset of
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VARIANT. The even- and odd-parity flux moments in each node are provided in the 3D record of
NHFLX0.

For user specified orders of polynomial and spherical harmonics, the number of spatial trial
functions and the numbers of even- and odd-parity spherical harmonics are uniquely determined.
Denoting the number of polynomial trial functions by 𝑁𝑠 , the number of even-parity spherical
harmonics by 𝑁𝐴+ and the number of odd-parity spherical harmonics by 𝑁𝐴− , the even-parity flux
+
−
moments 𝜁𝑔𝑖𝑚,𝑘
and the odd-parity flux moments 𝜁𝑔𝑖𝑚,𝑘
of group g in node k are ordered as:

+
{𝜁𝜇+ = 𝜁𝑔𝑖𝑚,𝑘
|𝜇 = (𝑚 − 1)𝑁𝑠 + 𝑖, 1 ≤ 𝑖 ≤ 𝑁𝑠 , 1 ≤ 𝑚 ≤ 𝑁𝐴+ }
−
{𝜁𝜈+ = 𝜁𝑔𝑖𝑛,𝑘
|𝜈 = (𝑛 − 1)𝑁𝑠 + 𝑖, 1 ≤ 𝑖 ≤ 𝑁𝑠 , 1 ≤ 𝑛 ≤ 𝑁𝐴− }

(5.15)

where i is the index for spatial trial functions, m is the index for the even-parity spherical harmonics,
n is the index for the odd-parity spherical harmonics, μ is the sequential number for even-parity
flux moments, and ν is the sequential number for odd-parity flux moments.

The polynomial trial functions of VARIANT are internally generated to evaluate the coefficient
matrices, but they are not stored in any output file. Therefore, to reconstruct intra-nodal flux
distributions, the polynomial trial functions should be re-generated using the same procedure used
in the VARIANT code. To build the required polynomial trial functions, a set of monomials are
prepared in the same sequence and up to the same expansion order that was used in the foregoing
VARIANT calculation. Using the Gram-Schmidt orthogonalization method, these monomials are
transformed into a set of orthogonal polynomials in the order consistent with the flux moments.

To eliminate the dependency of trial functions on the node size, a dimensionless, local reference
frame is adopted. By scaling x and y coordinates by the hexagonal pitch p and by scaling z
coordinate by the node height ∆z, the problem domain of a hexagonal prism node can be cast into
the following dimensionless coordinates (𝑥,
̃ 𝑦,
̃ 𝑧̃ ) :

𝑥̃ =

𝑥∗
𝑝

1 1

∈ [− 2 , 2]
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𝑦̃ =

𝑦∗
𝑝

∈ [−

𝑧∗

1
√3

(1 − |𝑥̃|),

1
√3

(1 − |𝑥̃|)]

1 1

𝑧̃ = ∆𝑧 ∈ [− 2 , 2]

(5.16)

where x*, y* and z* are the physical coordinates from the origin at the node center.

In this coordinate system, the volume of a hexagonal prism node becomes:

∫𝑉

(1−|𝑥̃|)/√3

1/2

𝑛𝑜𝑑𝑒

1/2

𝑑𝑉 = ∫−1/2 𝑑𝑥̃ ∫−(1−|𝑥̃|)/√3 𝑑𝑦̃ ∫−1/2 𝑑𝑧̃ =

√3
2

(5.17)

Further scaling of 𝑥̃ and 𝑦̃ by a factor √2⁄31⁄4 makes the node volume unity. With this scaling,
the local coordinates become:
√2𝑥 ∗

𝑥 = 31⁄4 𝑝 ∈ [−
√2𝑦 ∗

𝑦 = 31⁄4 𝑝 ∈ [−
𝑧∗

1

1

,

√231⁄4 √231⁄4
1
√2
(
√3 31⁄4

]

− |𝑥|),

1 1

𝑧 = ∆𝑧 ∈ [− 2 , 2]

1
√2
(
√3 31⁄4

− |𝑥|)]
(5.18)

The fuel pin flux distributions are evaluated at each fuel pin position using the corresponding flux
moment solutions and the three-dimensional basis functions of VARIANT. Note that the fuel pin
flux distribution is defined as the energy-dependent volume averaged flux. To obtain the accurate
fuel pin flux distribution for the burnup calculation, the reconstructed flux distribution at each fuel
pin positions that derived from the homogeneous calculation is multiplied by the form function, as
shown in Eq. (5.19).
ℎ𝑒𝑡.(𝑆𝐴)

ℎ𝑒𝑡.
ℎ𝑜𝑚.
𝜙𝑖,𝑔
= 𝜙𝑖,𝑔
∗

𝜙𝑖,𝑔

ℎ𝑜𝑚.(𝑆𝐴)

𝜙𝑖,𝑔

(5.19)

ℎ𝑒𝑡.
where 𝜙𝑖,𝑔
is the neutron flux used in the burnup calculation for fuel pin i in neutron energy group
ℎ𝑜𝑚.
g, 𝜙𝑖,𝑔
is the neutron flux obtained from the homogeneous VARIANT calculation for fuel pin i
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ℎ𝑒𝑡.(𝑆𝐴)

in neutron energy group g, and 𝜙𝑖,𝑔

ℎ𝑜𝑚.(𝑆𝐴)

and 𝜙𝑖,𝑔

are the heterogeneous and homogeneous

neutron fluxes obtained from the single assembly model with reflective boundary conditions for
fuel pin i in neutron energy group g.
5.2.3 Verification of flux reconstruction scheme
The LEUBFR core problem was used in the verification of flux reconstruction scheme of
VAREPD. The whole-core transport calculation was performed for the LEUBFR core
configuration of cycle 16 with one target assembly loaded in the reflector zone in threedimensional hexagonal-z geometry full-core model using the VARIANT code. The verification
test of the flux reconstruction scheme was performed by comparing the reconstructed flux for the
twenty-four MA-pin in target assembly of LEUBFR core, as shown in Fig. 5.1, against the
reference solutions obtained from CURVE code [74].

Fig. 5.1 Pin Numbering Scheme within Target Assembly

The flux reconstruction scheme given in subsection 5.2.2 has been implemented in VAREPD code.
Most of the modules for flux reconstruction are adopted from the CURVE code except modules
that use for data processing. The minor difference in the implementation between CURVE and
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VAREPD codes is discussed in Section 5.4. Since both codes use the exact same flux
reconstruction scheme that processes VARIANT solutions and the CURVE code has been verified
[74], the main purpose of this verification is to test whether the flux reconstruction scheme of
VAREPD is implemented as intended and produce the same results.

The flux reconstruction calculation was performed for the twenty-four MA-pin in target assembly
of LEUBFR core. To be consistent with the CURVE calculation, the unity form function is used
in the VAREPD calculation. Table 5.1 compares the reconstructed flux values using VAREPD
and CURVE codes, where the reconstructed flux shown here is the one-group flux averaged over
the pin volume. The consistent reconstructed pin fluxes confirm that the flux reconstruction
scheme is implemented correctly in the VAREPD code.

Table 5.1 Reconstructed One-group Flux for MA Pins in Target Assembly
Pin Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

VAREPD
7.41671E+14
7.41316E+14
7.64499E+14
7.72732E+14
8.31000E+14
6.64060E+14
6.97461E+14
5.90073E+14
5.91296E+14
6.12485E+14
9.05113E+14
8.46938E+14
8.59009E+14
8.60037E+14
9.08363E+14
9.16824E+14
9.75941E+14
9.72685E+14
1.01026E+15
1.03251E+15
1.09775E+15
1.12356E+15
1.15955E+15
1.17537E+15

CURVE
7.41671E+14
7.41316E+14
7.64499E+14
7.72732E+14
8.31000E+14
6.64060E+14
6.97461E+14
5.90073E+14
5.91296E+14
6.12485E+14
9.05113E+14
8.46938E+14
8.59009E+14
8.60037E+14
9.08363E+14
9.16824E+14
9.75941E+14
9.72685E+14
1.01026E+15
1.03251E+15
1.09775E+15
1.12356E+15
1.15955E+15
1.17537E+15

Difference
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
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Method for Burnup Calculation
The depletion analysis models the criticality and nuclide compositions changes during the reactor
operation. For the depletion analysis, it consists of flux calculation and burnup calculation. During
the period of time between flux calculations, referred to as burnup step, the fluxes are assumed
constant for the burnup calculation. The burnup step is generally long enough so that the short time
phenomena such as the decay of short-lived nuclides whose effects on the core reactivity are
negligible are often neglected in the burnup calculation. To improve the stability while maintaining
the computational efficiency, therefore, the short-lived nuclides are assumed to decay
instantaneously and not included in the fast reactor depletion analysis. However, the assumption
of instantaneous decay for short-lived nuclides may not be accurate in calculating nuclide densities,
especially if short-lived nuclides have large reaction cross sections that produce important nuclides.
This is the case for the moderated target assembly, in which the short-lived nuclides have relatively
large fission and capture cross sections in the thermal energy range. The nuclide transmutation and
decay chains used in the depletion analysis of moderated target assembly are discussed below,
followed by the computational method used in VAREPD that is numerically stable for solving
depletion equations containing short-lived nuclides.
5.3.1 Nuclide transmutation and decay chains
The main reactions considered in the burnup calculation include: (n, γ), (n, f), (n, p), (n, α), (n, 2n),
(n, d), (n, t), β-, β+, and α decay. The transmutation and decay chains for actinides from uranium
(U-234) to curium (Cm-246) are graphically illustrated in Fig. 5.2. In Fig. 5.2, nuclides denoted
by yellow boxes are explicitly modeled in the burnup calculation, while the nuclides denoted by
white boxes are those short-lived nuclides typically omitted in the depletion analysis of fast reactor.
The half-life of these short-lived nuclides is usually short enough compared to the fuel burnup time
such that short-lived nuclides can be considered decay instantaneously. However, the nuclides,
Np-238, Np-239, Pu-243, and Am-242, denoted by white boxes with red outline have large
absorption cross section in the thermal energy region. For example, the capture cross sections of
these four nuclides are ranging from few tens to hundred barn in the thermal and epithermal energy
regions. The fission cross sections of Am-242 is also about few tens to hundred barn in the thermal
and epithermal energy regions. These four short-lived nuclides are required to be explicitly
modeled for the depletion analysis of moderated target assembly.
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(Mo)

Fig. 5.2 Transmutation and Decay Chains of Actinides from Uranium to Curium
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As shown in Fig. 5.2, some reactions yield two nuclides; for example, the capture reaction in Am241 results in Am-242 and Am-242m. The branching ratios are used to account for the production
ratios between the metastable and short-lived nuclides, as shown in Table 5.2. As an example, the
(n, 2n) reaction of Np-237 is modeled directly to yield U-236, Np-236, and Pu-236 with the
fractions of 0.374, 0.280, and 0.346, respectively. The yield fractions for U-236 and Pu-236 are
calculated with the 52% of β+ decay and 48% β- decay of Np-236m that has half-life of 22.5
minutes and is assumed to decay instantaneously. Note that a fixed branching ratio for each
nuclide-reaction is used in the current VAREPD calculation, but it can be easily modified to have
branching ratios weighted with appropriate spectrum. The branching ratios currently used in the
VAREPD calculation are consistent with those used in the reference SERPENT [78] calculation.

Table 5.2 Branching Ratios in Transmutation and Decay Chains
Nuclide

Reaction

Np-237

(n, 2n)

Am-241

(n, γ)

Am-243

(n, 2n)

Cm-242

(n, 2n)

Product
nuclide
U-236
Np-236
Pu-236
Am-242
Am-242m
Am-242
Am-242m
Np-237
Am-241

Branching
ratio
0.374
0.280
0.346
0.900
0.100
0.500
0.500
0.010
0.990

Remarks
0.72×0.52
Mo
0.72×0.48

Fission products in fast reactor depletion analyses are usually modeled by using lumped fission
products since their impacts on reactivity are not as large as in thermal reactors. The cross sections
of lumped fission products are generated by weighting individual fission product cross sections
with associated yield fractions. For the test case discussed in Section 5.5, the cross sections were
generated from the SERPENT calculation and it is not practically possible to do this kind of
calculation. For simplicity, therefore, molybdenum that is the major constituent of fission product
is used to represent the fission products in the depletion analysis of moderated target assembly.
The impact of inconsistency in fission product is minimized with fresh target fuel and it is
diminished when capture reactions dominate the total transmutation, which is true for the
moderated target assembly case.
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5.3.2 Computational method for depletion equations
The principal equation used in burnup calculations is the Bateman equation, as shown in Eq. (5.20).
This equation can be used to determine the changes in the isotopic composition. The atomic density
change in nuclide i at position r and time t can be calculated by
𝜕𝑛𝑖 (𝑟,𝑡)
𝜕𝑡

∞

∞

𝑖
𝑖
= ∑𝐼𝑗=1[∑𝑥 𝛾𝑗𝑥
𝜆𝑗 ]𝑛𝑗 (𝑟, 𝑡) − [∫0 𝑑𝐸𝜎𝑖𝑎 (𝐸)𝜙(𝑟, 𝐸, 𝑡) +
∫0 𝑑𝐸𝜎𝑗𝑥 (𝐸)𝜙(𝑟, 𝐸, 𝑡) + 𝛾𝑗𝑑

𝜆𝑖 ] 𝑛𝑖 (𝑟, 𝑡)

(5.20)

where
𝑛𝑖 (𝑟, 𝑡) = Atomic number density of nuclide i at position r and time t
𝜎𝑗𝑥 (𝐸) = Reaction x cross section of nuclide j at energy E
𝑖
𝛾𝑗𝑥
= Yield fraction of nuclide i from reaction x of nuclide j
𝑖
𝛾𝑗𝑑
= Yield fraction of nuclide i from radioactive decay of nuclide j

𝜆𝑗 = Decay constant of nuclide j
𝜎𝑖𝑎 (𝐸) = Absorption cross section of nuclide i at energy E
The system of ordinary differential equations for all the nuclides can be represented in operator
form as
𝜕
𝜕𝑡

𝒏(𝑟, 𝑡) = 𝑨(𝜙, 𝜎, 𝜆)𝒏(𝑟, 𝑡)

(5.21)

where n and 𝑨 = [𝑎𝑖𝑗 ] denote the nuclide density vector and the transmutation matrix of which
elements can be written as
𝒏(𝑟, 𝑡) = [𝑛1 (𝑟, 𝑡), 𝑛2 (𝑟, 𝑡), ⋯ , 𝑛𝐼 (𝑟, 𝑡)]𝑇
∞

𝑖
𝑖
𝑎𝑖𝑗 (𝑟, 𝑡) = ∑𝑥 𝛾𝑗𝑥
𝜆𝑗 , (𝑗 ≠ 𝑖)
∫0 𝑑𝐸𝜎𝑗𝑥 (𝐸)𝜙(𝑟, 𝐸, 𝑡) + 𝛾𝑗𝑑

(5.22)

∞

𝑎𝑖𝑖 (𝑟, 𝑡) = − ∫0 𝑑𝐸𝜎𝑖𝑎 (𝐸)𝜙(𝑟, 𝐸, 𝑡) + 𝜆𝑖
The solution of Eq. (5.21), the nuclide density vector at a burn region or position, is obtained in
terms of exponential of transmutation matrix as shown in Eq. (5.23).
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𝒏(𝑡) = 𝑒 𝑡𝑨(𝜙,𝜎,𝜆) 𝒏𝟎 (𝑡)

(5.23)

where 𝒏𝟎 is the initial nuclide density vector
The size of transmutation matrix, A in Eq. (5.23), for fast reactor depletion analyses is relatively
small compared to the counterpart for thermal reactor depletion analyses, which includes
individual fission products. In the few-group cross section generation for standard thermal reactor
analyses, burnup calculations are carried out with sophisticated transmutation and decay chains in
order to accurately model self-shielding effects of individual fission products. However, since
cross sections of fission product are relatively small in the fast energy region, a compact
transmutation matrix is often used, without degrading the accuracy, for depletion analysis of fast
reactor by employing lumped fission products. The computation of the matrix exponential in
burnup calculations would be less demanding for fast reactor depletion analyses than that for
thermal reactor depletion analyses.

Methods to compute the exponential of a matrix can be categorized as series methods, ordinary
differential equation methods, polynomial methods, and matrix decomposition methods. Among
these methods, the Taylor series or Padéapproximation with scaling and squaring algorithm is
known to be one of the most effective methods. Chebyshev approximation method and Chebyshev
rational approximation method (CRAM) are also considered as an efficient and accurate method
to compute the exponential of a matrix. In these days, the Krylov subspace method has become a
popular method for solving large sets of linear and nonlinear equations, and large eigenvalue
problems. It is a quite efficient method to compute the exponential of a matrix with large size
because it does not involve a matrix-matrix multiplication and inversion of a matrix. Methods for
computing the exponential of a matrix are discussed and compared in Reference 79.

Generally speaking, any method mentioned above gives sufficiently accurate results for fast
reactor depletion analyses. The cost for matrix exponential computations is minor compared to
that for transport calculations of neutron flux. However, for some cases that short-lived nuclides
are important, the large decay and transmutation constants significantly increase the matrix norm
and this may cause problems for computing the matrix exponential in burnup calculations. In 2010,
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Pussa and Leppänen [80] compared several methods of solving burnup equations and
demonstrated that the CRAM is capable of providing an accurate and robust solution to the burnup
equations. Two extreme cases were used in the comparison, where the transmutation matrix size
and norm are (200×200, 10-4) and (1500×1500, 1021), respectively. For the test case with matrix
size and norm of (200×200, 10-4), the Padé, CRAM, and Krylov subspace methods gave consistent
results with the transmutation trajectory analysis method, in which the nonlinear transmutation
chains are decomposed into a set of linear chains and analytically solved. For the case with matrix
size and norm of (1500×1500, 1021), only the CRAM method gave the consistent results with the
transmutation trajectory analysis method. Based on the results from these selected cases and some
mathematical analyses, it was concluded that the CRAM method can give accurate solutions to the
burnup calculation regardless of the size and norm of the transmutation matrix within a very short
computation time.
To account for a potentially stiff transmutation matrix with short-lived nuclides or any other fission
products, the VAREPD adopts the Chebyshev rational approximation method for computing the
matrix exponential in burnup calculations. In the VAREPD code, transmutation matrices given in
Eq. (5.22) are constructed with the reconstructed neutron fluxes and Bateman equation inputs
given in the restart file of REBUS-3 along with cross sections from the ISOTXS file or the user–
specified file. The burnup calculation is performed with the nuclide densities and reconstructed
fluxes at the beginning of burnup step. VAREPD also adopts the linear flux approximation used
in the REBUS-3 code that allows the burnup calculation to be performed using the average of the
beginning and the end of fluxes. The calculated nuclide densities at the end of burnup step are
recorded and used for the next depletion step. Currently, the VAREPD functions as a postprocessing code that is not coupled with VARIANT flux solver. The coupling scheme for burnup
calculation can be considered as future work.
5.3.3 Verification of burnup calculation scheme
As mentioned in subsection 5.2.3, the same LEUBFR core problem was used in the verification of
depletion scheme of VAREPD. The burnup calculation was performed by the nodal transport
option of DIF3D/REBUS-3 code for the moderated target assembly of LEUBFR core with a cycle
length of 486.0 days. In this burnup calculation, single burnup step is used, i.e., only one transport
calculation is performed at the beginning of burnup step and the flux is assumed constant through
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the entire burnup step. To get the data required for the burnup calculation, the VAREPD code
processes the REBUS-3 restart file and the Standard Interface Files, as discussed in subsection 5.4.
Data to be recovered include nuclide densities, cross sections, and the transmutation and decay
chain data. After retrieving all these data at the beginning of burnup step, the nuclide densities at
the end of burnup step were calculated using the homogenized fluxes obtained from the REBUS3 calculation. The nuclide densities of moderated target assembly at the end of burnup step
obtained from VAREPD calculation were compared with those calculated by the REBUS-3 code.

Table 5.3 compares the heavy metal nuclide densities at the end of burnup step calculated by
VAREPD and REBUS-3 codes. It is seen that the nuclide densities of VAREPD calculation agree
with reference REBUS-3 solutions. The consistent results of nuclide densities at the end of burnup
step confirm that the burnup calculation is correctly performed.

Table 5.3 Comparison of Depleted Nuclide Densities (atoms/barn-cm) in Target Assembly
Nuclide
U-234
U-235
U-236
U-238
Np-237
Pu-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Am-241
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246

VAREPD
1.0934E-06
2.0748E-07
1.4288E-08
1.1344E-11
4.3449E-04
9.9341E-10
2.2182E-04
3.2693E-05
2.8356E-06
4.2490E-06
6.7035E-06
3.6782E-05
1.2886E-06
1.2645E-05
1.8163E-05
1.2255E-06
9.6939E-06
2.0672E-06
2.6372E-07

REBUS-3
1.0934E-06
2.0748E-07
1.4288E-08
1.1344E-11
4.3449E-04
9.9341E-10
2.2182E-04
3.2693E-05
2.8356E-06
4.2490E-06
6.7035E-06
3.6782E-05
1.2886E-06
1.2645E-05
1.8163E-05
1.2255E-06
9.6939E-06
2.0672E-06
2.6372E-07

Difference
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
0.0000E+00
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Modules and Data Management of VAREPD
The flux reconstruction and depletion schemes described in subsections 5.2 and 5.3 have been
implemented in a computer code called VAREPD. The VAREPD code processes the REBUS-3
restart file (RFILES) and the Standard Interface Files for hexagonal-z geometry option. The
interface files used in VAREPD include the microscopic cross sections (ISOTXS), geometry
specifications (GEODST), zone-average nuclide densities (ZNATDN), the nuclide and cross
section reference (NDXSRF), and the VARIANT flux solution (NHFLX0).

In the VAREPD calculation procedure, the file GEODST is used to identify burn regions and nodes,
which are relevant to user-specified assemblies to be analyzed. The file NHFLX0 is used to
reconstruct flux distributions for corresponding assemblies. The reconstructed fluxes, burnup
chain data from RFILE, and cross sections from the file ISOTXS or a user-specified file are used
to construct the transmutation matrices. The burnup calculation is performed for each fuel pin with
the transmutation matrices and the nuclide densities, which are calculated by the product of
homogeneous nuclide densities from the file ZNATDN and the reciprocal of the volume fraction
of fuel pins.

The basic functionalities of VAREPD have been verified using the LEUBFR core problem. The
flux reconstruction module has been verified against that of CURVE code [74] and the depletion
module has been verified against that of REBUS-3 code. As mentioned above, most of the flux
reconstruction modules of CURVE code are adopted by VAREPD, except that some modules used
for data processing were replaced by the standard FORTRAN modules provided by Argonne
National Laboratory, which are designed for loading targeted data files stored in data sets of the
Argonne Reactor Computation (ARC) system. Note that this does not mean that CURVE code is
obsolete, it just says that there may have more room for future coders if anyone wants to continue
this work.

As mentioned above, VAREPD is a code designed to reconstruct pin flux distributions and to
perform pin depletion calculation with data obtained from nodal-transport/depletion calculations
performed in hexagonal-z geometry using the DIF3D/REBUS-3 code system. The VAREPD code
has been designed as a code module that functions as the postprocessor of DIF3D/REBUS-3 code
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system. Except for the detailed intra-nodal information such as form functions and pin-wise cross
sections, most of required input data are obtained from the standard interface files and restart file
produced by the REBUS-3 code. A brief description of the module structure and the dataset usage
of VAREPD is provided here. Table 5.4 presents the modules used in the VAREPD code except
for the standard FORTRAN modules that designed for loading the targeted data sets of the ARC
system. The module VAREPD0 is the main path driver. The module VAREPD1 calls the standard
FORTRAN modules and sets up the transmutation matrices for the burnup calculation. The module
VAREPD2 is written specifically for the purpose of the burnup calculation. Communication
between modules of VAREPD is accomplished with the derived data types in the FORTRAN 90
standards, in which parameters stored in a data structure that defined in a certain module can be
used by any subroutine using that module.

Table 5.4 Main Computational Modules of VAREPD
Module
Subroutine
VAREPD0 VAREPD0

Function
Main path driver.
Processes the input data, restart file and interface files and
VAREPD1
forms transmutation matrices for the depletion calculation.
READ_INPUT
Reads the user input.
PRINT_INPUT
Writes the final densities of the user-specified assemblies.
READ_RFILE
Obtains the burnup chain data from the file RFILE.
READ_GEODST Obtains the mesh and burn region data.
READ_NDXSRF Determines nuclide densities and cross section referencing.
READ_ZNATDN Obtains the nuclide densities from the file ZNATDN.
VAREPD1 READ_ISOTXS
Obtains the cross sections of user-specified assemblies.
READ_FLUX
Reconstructs the pin fluxes from the file NHFLX0
CALVOLF
Calculates the volume fraction of fuel pin.
Obtains the nuclide densities of fuel pins in user-specified
NODEVALUE
assemblies.
Normalizes flux such that assembly power are consistent
NORFLUX
between homogeneous and heterogeneous models.
Generates the transmutation matrices for the depletion
GETAA
calculation.
VAREPD2
Performs pin depletion calculation.
VAREPD2
Calculates the exponential of the given transmutation
DGCHBV
matrix with the rational Chebyshev approximation.
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Homogenized Multi-group Cross Section Generation
Since the thermal spectrum calculation capability of MC2-3 is currently under development, it is
decided not to be explored in this study. Instead, the SERPENT Monte Carlo code [78] is used to
generate the multi-group cross sections for the moderated target assembly as well as fuel and
reflector assemblies. The primary reason for using the SERPENT code instead of use the MCNP
code [72] discussed in Section 4.3 is that the SERPENT code automatically generates the groupto-group scattering matrices. The detail of cross section generation is discussed below.
5.5.1 SERPENT code and its cross sections
In this study, the SERPENT code is used for providing homogenized multi-group cross sections
used in the VARIANT calculation, pin-by-pin multi-group cross sections used in the VAREPD
calculation, and the reference solution for the burnup calculation. SERPENT is a continuousenergy Monte Carlo code with built-in capabilities for the burnup calculation and the homogenized
multi-group constant generation. In this study, the most resent version of SERPENT 2.1.29 is used
along with the ENDF/B-VII.0 cross section data library. Additional cross section data libraries
such as JEF-2.2, JEFF-3.1, JEFF-3.1.1 and ENDF/B-VI.8 are also available for SERPENT
calculations. Similar to MCNP [72], SERPENT utilizes the universe-based geometry model, which
allows modeling of complicated three-dimensional geometries [78]. This code also reads the userinput CAD and unstructured mesh-based geometry models. For the transport calculation,
SERPENT utilizes a combined method of surface-tracking and the delta-tracking to accelerate its
Monte Carlo simulation. As can be seen in Table 5.5, this method greatly improves the
computational efficiency in the Monte Carlo Simulation.

Table 5.5 Comparison of k-inf and Running Time (in min.) between SERPENT and MCNP [81]
Case

MCNP k-inf

SERPENT k-inf

PWR pin-cell, 1 GWd/t burnup
PWR pin-cell, 40 GWd/t burnup
VVER-440 assembly
BWR (Gd) Assembly, 50% void
SFR assembly
Prismatic HTGR fuel block

1.27925 (0.014)
0.91451 (0.021)
1.26630 (0.016)
1.05969 (0.019)
1.77431 (0.008)
1.44810 (0.016)

1.27917 (0.013)
0.91534 (0.018)
1.26558 (0.015)
1.06009 (0.021)
1.77407 (0.007)
1.44796 (0.016)

∆k-inf
(%)
-0.006
0.091
-0.057
0.038
-0.014
-0.010

Time,
M/S
39.3
37.9
14.4
11.3
60.5
59.5
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In SERPENT burnup calculations, both TTA and CRAM algorithms are available along with
several burnup algorithms such as the conventional Euler, the predictor-corrector and the sub-step
methods. The burnup calculation in SERPENT seems to be capable of accurately modeling a full
set of nuclides without computational burdens. The universe-wise macroscopic group constants
are generated for each depletion step, including the principal cross sections, scattering matrices,
transport cross sections, diffusion coefficients, discontinuity factors, and so on, which are
primarily implemented for whole-core deterministic diffusion calculations.

Note that multi-group cross sections generated from SERPENT have following limitations so they
are not being wildly used for whole-core deterministic transport calculations.

1) No higher-order total cross section is provided in the SERPENT output.

2) The higher-order scattering matrices provided in the SERPENT output are obtained via the
equation (5.24), in which the higher-order scattering matrices are weighted by the
probability distribution function (f) and the higher-order moment of the Legendre
polynomial (Pl). However, the probability distribution function is weighted by the scalar
flux. Consequently, the higher-order scattering matrices are indirectly weighted by the
scalar flux instead of the higher-order moment of angular flux [82]. The inconsistency in
higher-order scattering matrices is expected to affect the accuracy of the transport solution.
The impact of this needs further investigation.
1

1

Σ𝑠,𝑙 = ∫−1 Σ𝑠 (𝜇)P𝑙 (𝜇)𝑑𝜇 = Σ𝑠,0 ∫−1 𝑓(𝜇)P𝑙 (𝜇)𝑑𝜇

(5.24)

3) Only macroscopic cross sections are proved in the SERPENT output. In addition, only the
over-all capture and scattering matrices are provided: i.e., no separated (n, γ), (n, p), (n, α),
(n, d), (n, t), and elastic, inelastic, and (n, 2n) cross sections.

Due to the above limitations, the multi-group cross sections generated from SERPENT need to be
adjusted for use in this study. The necessary adjustments regarding to the limitations above are
discussed as below.

89

1) To obtain the higher-order transport solution, the higher-order total cross sections were
first obtained from the MC2-3 calculation. To be consistent with the VARIANT
representations, transport correction was applied and the new scattering matrix is shown as
𝑔

𝑔

equation (5.25). Note that Σ𝑡,𝑙 and Σ𝑡,0 were obtained from the MC2-3 calculation by
𝑔𝑔′

multiplying the microscopic cross sections with individual nuclide density. Σ𝑠,𝑙 is directly
obtained from SERPENT, which is still weighted with the scalar flux.
𝑔𝑔′
𝑔𝑔′
𝑔
𝑔
̃
Σ
𝑠,𝑙 = Σ𝑠,𝑙 − (Σ𝑡,𝑙 − Σ𝑡,0 )

(5.25)

2) Alternative solution will be replacing SERPENT higher-order scattering matrices with
those of MC2-3. It should be noted that the MC2-3 scattering matrices in thermal energy
range might not be adequate, but this impact would be smaller for higher-order terms. To
find the best solution, both approaches (1) and (2) will be presented and compared in the
next subsection.

3) The microscopic cross sections used for flux and burnup calculations can be generated
through the detector (tally) cards based on the collision estimator in equation (5.26). The
group-wise microscopic cross sections can be calculated by the ratio of the microscopic
reaction rate to the flux. In equation (5.26), f is the detector response function. The neutron
flux integrated over space and energy can be obtained by setting the response function to
unity. The microscopic reaction rates can be obtained by assigning a fictitious nuclide that
has unity nuclide density along with the use of detector response function, which is pretty
similar to the ENDF reaction MT number. For example, the microscopic total cross section
(MT=1) can be calculated by equation (5.27).
1

𝐸

𝑅 = 𝑉 ∫𝑣 ∫𝐸 𝑖 𝑓(𝑟, 𝐸) 𝜙(𝑟, 𝐸)𝑑 3 𝑟𝑑𝐸
𝑖+1

1

𝐸

R 𝑡 = 𝑉 ∫𝑣 ∫𝐸 𝑖 1 × σ𝑡 (𝑟, 𝐸) × 𝜙(𝑟, 𝐸)𝑑 3 𝑟𝑑𝐸
𝑖+1

(5.26)

(5.27)
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5.5.2 Verification of cross section treatment
To examine which method is preferable in the generation of moderated target assembly scattering
matrices and how much the inconsistent cross sections may contribute to the final solutions,
preliminary verification test was performed using a two-dimensional LEUBFR mini-core problem
and results obtained from VARIANT calculations were compared with the SERPENT solutions.
Homogeneous assembly model was used for both the cross section generation and the transport
calculation. Fig. 5.3 shows the layout of the two-dimensional LEUBFR mini-core models. For
both models, there are five rows of fuel assemblies surrounded by two rows of reflector assemblies.
Model A is shown on the left-hand side of Fig. 5.3 , in which there is no moderated target assembly
in the core. Model B is on the right-hand side of Fig. 5.3, in which three fuel assemblies at position
(5, 1), (5, 9), and (5, 17) are replaced with moderated target assemblies. The composition used in
the mini-core model was extracted from the REBUS-3 output of the LEUBFR at the beginning of
cycle 16. Averaged fuel composition of LEUBFR core was used for each fuel assembly. To
account for the strong transition of spectrum near moderated target assemblies, four different
regions were used in generation of fuel cross sections for Model B.

Fig. 5.3 Two-dimensional LEUBFR Mini-core Layout (LHS: Model A; RHS: Model B)
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In addition to the tallied microscopic cross sections and the macroscopic scattering production
matrices, the fission neutron yield (nu), the average fission neutron spectrum (chi) and power
normalization factors were also generated from SERPENT and they were all written into the
ISOTXS format. In this verification test, the cross section set obtained by applying transport
correction to SERPENT higher-order scattering matrices is named Mixed_a. On the other hand,
the cross section set obtained by combining the SERPENT P0 scattering matrices with higher-order
MC2-3 scattering matrices is named Mixed_b.

The core multiplication factors obtained from VARIANT calculations with different cross section
sets are compared in Table 5.6 with SERPENT results for both Model A and Model B. The
SERPENT calculation was performed with 100,000 histories per cycle and 1700 active cycles in
total. All three VARIANT calculations were performed using the 33-group cross section data with
the P5 angular approximation. It can be seen that the VARIANT calculation with SERPENT cross
sections that higher-order scattering matrices are indirectly weighted by scalar flux solution
overestimates the core multiplication factor by 728 pcm and 609 pcm for Model A and Model B,
respectively. As expected, the VARIANT transport solutions approach the reference SERPENT
solution with the modification of higher-order scattering matrices. With the cross section set of
Mixed_a, the differences in the core multiplication factor are reduced to 137 pcm and 38 pcm for
Model A and Model B, respectively. With the cross section set of Mixed_b, the differences in the
core multiplication factor are reduced to 132 pcm and 3 pcm for Model A and Model B,
respectively.

Table 5.6 Deviation in Core Multiplication Factors from SERPENT Results
SERPENT
VARIANT VARIANT VARIANT
(Ref.)
(P5)
(P5)
(P5)
Cross sections
SERPENT
SERPENT Mixed_a
Mixed_b
Model A: no target assembly
1.08126±0.0010
0.00728
-0.00137
-0.00132
Model B: with target assemblies 1.06061±0.0010
0.00609
0.00038
-0.00003
Code

The fission production distributions obtained from the 33-group VARIANT calculations with three
cross section sets are compared with the SERPENT results. The statistical error of SERPENT
results is below 0.1%. Table 5.7 presents the relative deviations in the assembly fission production
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distributions. For the VARIANT calculation with the direct use of SERPENT cross sections, the
maximum error is 3.16% for Model A and 3.57% for Model B and the R.M.S. error is 1.51% for
Model A and 1.28% for Model B. With the modified cross section set of Mixed_a, the maximum
and R.M.S. errors are reduced. The maximum error is reduced to 0.61% for Model A and 1.72%
for Model B and the R.M.S. error is reduced to 0.37% for Model A and 0.77% for Model B. With
the modified cross section set of Mixed_b, the maximum and R.M.S. errors are reduced to 0.52%
and 0.32%, respectively, for the Model A. For the Model B, the maximum error for fuel assembly
is reduced to 2.8% but that for the moderated target assembly is increased to 3.45% and the R.M.S
error is also increased to 1.43%. Note that the only difference between the cross section set of
Mixed_b and others are the higher-order scattering matrices. The errors in the low-energy group
scattering matrices of MC2-3 can be the reason for the increased errors, in which their impacts are
magnified in the case with moderated target assemblies.

Table 5.7 Deviations in Assembly Fission Productions from SERPENT Results
Code
Cross section
Max. error in fuel assemblies of Model A
R.M.S. error in fuel assemblies of Model A
Max. error in fuel assemblies of Model B
Max. error in target assemblies of Model B
R.M.S. error of Model B

VARIANT
(P5)
SERPENT
3.16%
1.51%
3.57%
0.10%
1.28%

VARIANT
(P5)
Mixed_a
0.61%
0.37%
1.72%
1.35%
0.77%

VARIANT
(P5)
Mixed_b
0.52%
0.32%
2.80%
3.45%
1.43%

Verification Test of Pin Depletion Method
The verification test of the new pin depletion method has been performed using the twodimensional LEUBFR mini-core problem. Steady-state neutronics parameters for the moderated
target assembly obtained from VARIANT were first compared against the reference solutions
obtained from SERPENT code, including core multiplication factors, assembly power
distributions and various reaction rates. The flux solutions of VARIANT along with the form
functions obtained from SERPENT single assembly model were used in the VAREPD burnup
calculation. The pin-wise isotopic composition of moderated target assembly at the end of burnup
step obtained from VAREPD were compared with the reference SERPENT results.
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5.6.1 Description of the test case
Fig. 5.4 and Fig. 5.5 present homogeneous and heterogeneous configurations of the twodimensional LEUBFR mini-core model, respectively. The homogeneous model is used in
VARIANT and REBUS-3 calculations, while the heterogeneous model is used in the SERPENT
calculation. The heterogeneous SERPENT model provides reference solutions for the test case and
it is also used in generating multi-group homogeneous cross sections for VARIANT and REBUS3 calculations as well as the pin-wise cross sections used in the burnup calculation of VAREPD.
Additional MC2-3 calculation was performed in generating the higher-order cross sections required
in the modification of cross sections from SERPENT. Note that two sets of cross sections were
generated to be used in the VARIANT and REBUS-3 calculations. For the MC2-3 calculation, the
method of characteristic solver was used for the multi-group cross section generation. All the
calculations were performed with the ENDF/B-VII.0 libraries with cross sections evaluated at the
same temperature, 900 K for fuel materials and 600 K for others. To account for the strong
transition of spectrum near moderated target assemblies, five fuel regions and two reflector regions
were used for the cross section generation. Regions are denoted with different colors in Fig. 5.4
and Fig. 5.5.

The two-dimensional LEUBFR mini-core model consists of fifty-eight fuel assemblies, three
moderated target assemblies, and sixty-six reflector assemblies. The composition used in this
model was extracted from the REBUS-3 output of the LEUBFR at the beginning of cycle 16.
Averaged fuel composition was used for each fuel assembly. The steady-state eigenvalue
calculations of SERPENT were performed with 0.1 million particles per cycle for 2000 cycles,
skipping the first 300 cycles. The nuclides of fuel and moderated target assemblies are depleted at
a power of 10 MW for 12 months. The same depletion steps used in SERPENT were used in the
VAREPD calculation. The form functions used in this study were obtained from the SERPENT
single assembly model with reflective boundary conditions using the same compositions as those
of the SERPENT whole core model.
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Fig. 5.4 Homogeneous VARIANT/REBUS-3 Model of 2D LEUBFR Mini-core Problem

Fig. 5.5 Heterogeneous SERPENT Model of 2D LEUBFR Mini-core Problem
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5.6.2 Comparison of steady-state and depletion results
The results obtained from 33-group VARIANT calculations were compared with the SERPENT
results for the LEUBFR mini-core model above. Two VARIANT calculations were performed
with two sets of cross section: one with cross section set of Mixed_a, hereafter denoted as
VARIANT-xs(a) and the other with cross section set of Mixed_b, hereafter denoted as VARIANTxs(b).

The core multiplication factor, reaction rates, the total flux, and the total neutron leakage rate
obtained from VARIANT calculations are compared in Table 5.8 with the SERPENT results. The
comparison of SERPENT between VARIANT-xs(a) and VARIANT-xs(b) results shows 74 pcm
and 89 pcm differences in core multiplication factor, respectively. The statistical uncertainty in
multiplication factor is 10 pcm and all reaction rates presented in Table 5.8 have statistical
uncertainty small than 0.1%. The fission source and the fission rate obtained from both VARIANT
calculations agree well with the SERPENT values within the statistical uncertainties. The relative
errors of capture rate, absorption rate and total flux to the SERPENT calculation are smaller than
1% for both VARIANT calculations. The VARIANT solutions overestimate the neutron leakage
rate by about 3% compared to the SERPENT result. It can be seen that these integral neutronics
parameters of VARIANT agree well with the SERPENT results for the two-dimensional LEUBFR
mini-core model.

Table 5.8 Neutronics Parameters Comparison between VARIANT and SERPENT Results
Code
Cross section
Multiplication factor
Fission source
Fission rate
Capture rate
Absorption rate
Total flux
Total leakage

SERPENT
SERPENT
1.06240±0.00010
8.418E+17
3.029E+17
3.946E+17
6.975E+17
1.388E+20
9.703E+16

VARIANT (P5)
Mixed_a
1.06166
8.417E+17
3.029E+17
3.915E+17
6.944E+17
1.376E+20
1.007E+17

VARIANT (P5)
Mixed_b
1.06151
8.417E+17
3.029E+17
3.922E+17
6.951E+17
1.376E+20
1.001E+17

The assembly power distributions obtained from VARIANT-xs(a) and VARIANT-xs(b)
calculations are compared with the SERPENT results. The statistical uncertainty of the SERPENT
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results is below 0.1%. The relative deviations in assembly power distributions for two VARIANT
calculations are shown in Fig. 5.6. The maximum relative errors in fuel assembly power are 7.8%
and 8.3% for VARIANT-xs(a) and VARIANT-xs(b), respectively. The R.M.S. error in fuel
assembly power is 3.0% for both VARIANT-xs(a) and VARIANT-xs(b). The relative errors in
moderated target assembly power are -2.8% and -4.7% for VARIANT-xs(a) and VARIANT-xs(b),
respectively. As can be seen in Fig. 5.6, large deviations are observed for those fuel assemblies
adjacent to the moderated target assembly. These deviations may be result from the difference in
geometry modeling of moderated target assembly between VARIANT and SERPENT calculations.
In the VARIANT calculations, the moderated target assembly is modeled with the homogenous
configuration, while that is modeled with the heterogeneous configuration in the SERPENT
calculation.

Fig. 5.6 Comparison of Assembly Power Distribution between VARIANT and SERPENT
Calculations
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Fig. 5.7 presents the comparison of 33-group neutron spectra (left y-axis) and the group flux ratios
(right y-axis) of the VARIANT-xs(a), VARIANT-xs(b), and SERPENT solutions for the fuel
assembly at position (4, 1), which is located on the left-hand side of moderated target assembly.
The group flux ratio increases with the decreasing neutron energy. Although the neutron
population is relatively low in the thermal and epithermal energy regions, the variation in thermal
and epithermal fluxes can cause non-negligible deviations in power generations due to their large
fission cross sections. Table 5.9 compares the group-wise (G16: 5.5 keV~9.1 keV, G33: 0~0.4 eV)
net surface current from the moderated target assembly to the fuel assembly at position (4, 1)
obtained from the heterogeneous and homogenous SERPENT calculations. The difference in
neutron fluxes at the assembly boundaries between the heterogeneous and homogenous models
affects the overall neutronics solutions. These results suggested that differences in the assembly
power distribution are due to the inconsistent geometry model between the VARIANT and
SERPENT calculations and future work should include the incorporation of assembly equivalence
parameters for the VARIANT calculation.

Fig. 5.7 Neutron Spectra of Fuel Assembly at Position (4, 1)
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Table 5.9 Comparison of Surface Current between Homogeneous and Heterogeneous
Calculations
Energy
Group
G16
G17
G18
G19
G20
G21
G22
G23
G24

Heterogeneous Homogeneous
5.90E+13
6.37E+13
5.48E+13
7.44E+13
7.51E+13
7.82E+13
6.34E+13
6.60E+13
6.16E+13

1.09E+14
1.15E+14
1.10E+14
7.83E+13
1.25E+14
1.26E+14
1.11E+14
1.12E+14
1.05E+14

Energy
Group
G25
G26
G27
G28
G29
G30
G31
G32
G33

Heterogeneous Homogeneous
6.05E+13
4.96E+13
4.78E+13
4.26E+13
3.89E+13
3.61E+13
9.11E+13
6.90E+12
8.09E+13

1.03E+14
8.74E+13
7.77E+13
7.37E+13
6.19E+13
6.64E+13
1.23E+14
5.84E+12
8.03E+13

Table 5.10 compares the assembly power, fission rate, and capture rate of the VARIANT and
SERPENT solutions. The moderated target assembly powers of SERPENT, VARIANT-xs(a), and
VARIANT-xs(b) are 25.75 kW, 25.03 kW, and 24.54 kW, respectively. Relative to the SERPENT
solution, VARIANT-xs(a) and VARIANT-xs(b) show -2.8% and -4.6% errors, respectively, in the
fission reaction rate. For the capture reaction rate, the relative error of VARIANT-xs(a) is -2.9%,
and that of VARIANT-xs(b) is -3.6%. As can be seen, both VARIANT solutions underestimate
the absorption reaction rate by about 3% and thus overestimate the total leakage rate by about 3%.

Table 5.10 Comparison of Power and Reaction Rates in Target Assembly between VARIANT
and SERPENT Calculations
Code
Cross section
Power (W)
Fission rate
Capture rate

SERPENT
SERPENT
2.575E+04
7.711E+14±0.3%
1.208E+16±0.3%

VARIANT (P5)
Mixed_a
2.503E+04
7.498E+14
1.173E+16

VARIANT (P5)
Mixed_b
2.454E+04
7.353E+14
1.164E+16

Fig. 5.8 compares the 33-group neutron spectrum in the moderated target assembly of the
VARIANT-xs(a), VARIANT-xs(b), and SERPENT solutions. For both cross section sets, the
VARIANT calculation shows a harder spectrum compared to the reference SERPENT spectrum.
The maximum relative error in group fluxes is 9.2% for VARIANT-xs(a) and 10.3% for
VARIANT-xs(b). The R.M.S. error in group fluxes is 4.0% for VARIANT-xs(a) and 5.0% for
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VARIANT-xs(b). The influences of these spectrum differences are observed in the reaction rates
and total leakage rate mentioned above.

Fig. 5.8 Neutron Spectra of Moderated Target Assembly
For the verification test of new pin depletion method, the SERPENT burnup calculation was
performed using the two-dimensional LEUBFR mini-core model with the heterogeneous
configuration of moderated target assembly. The nuclides of the fuel and moderated target
assemblies are depleted at a power of 10 MW for 12 months. The assembly averaged isotopic
composition of TRU elements for the moderated target assembly obtained from the SERPENT
calculation are presented in Table 5.11. At the beginning of burnup step, Np-237 and Am-241 are
the dominate nuclides that constitute 41.0% and 35.8% of TRU, respectively. After one-year burn
cycle, about half of Np-237 became higher nuclides (Pu-238, Pu-239) and most of Am-241 was
consumed by Am-242 fission. The nuclide fraction at the end of burnup step is 41.0% for Np-237,
35.8% for Pu-238, 7.7% for Pu-239, 3.9% for Cm-242, 2.2% for Cm-244, and 2.1% for Pu-241.
The following code-to-code verification is presented using the depletion results for these nuclides.
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Table 5.11 Nuclide Densities (atoms/barn-cm) Obtained from SERPENT Burnup Calculation
Nuclide
Np-237
Np-238
Np-239
Pu-236
Pu-238
Pu-239
Pu-240
Pu-241
Pu-242
Pu-243
Am-241
Am-242
Am-242m
Am-243
Cm-242
Cm-243
Cm-244
Cm-245
Cm-246

Nuclide Density
Percentage
Beginning of depletion step
82.36%
6.906E-04
0.00%
1.000E-12
0.00%
1.000E-12
0.00%
1.000E-12
0.00%
1.000E-12
0.00%
1.000E-12
0.00%
1.000E-12
0.00%
1.000E-12
0.00%
1.000E-12
0.00%
1.000E-12
14.37%
1.205E-04
0.00%
1.000E-12
0.51%
4.246E-06
1.85%
1.553E-05
0.57%
4.785E-06
0.01%
1.020E-07
0.31%
2.594E-06
0.02%
1.360E-07
0.00%
5.448E-09

Nuclide Density
Percentage
End of depletion step
2.571E-04
40.97%
1.933E-06
0.31%
2.037E-08
0.00%
1.924E-09
0.00%
2.248E-04
35.83%
4.825E-05
7.69%
6.034E-06
0.96%
1.308E-05
2.08%
8.906E-06
1.42%
1.710E-08
0.00%
1.128E-05
1.80%
4.926E-08
0.01%
2.480E-07
0.04%
1.191E-05
1.90%
2.422E-05
3.86%
2.003E-06
0.32%
1.355E-05
2.16%
3.027E-06
0.48%
1.033E-06
0.16%

The first step in the verification is to make sure that the transmutation and decay chains used in
the VAREPD calculation are consistent with those of the SERPENT calculation. As discussed in
subsection 5.3.1, four short-lived nuclides are added to the conventional reduced transmutation
and decay chains used for fast reactor analyses such that a total of nineteen TRU nuclides are used
in the VAREPD depletion calculation, as shown in Table 5.11. Using the transmutation and decay
chains along with the 33-group pin-wise cross sections and flux solutions from SERPENT,
depletion calculation was performed with VAREPD for the moderated target assembly. Table 5.12
shows the nuclide densities for the target pin that shows the largest deviation in nuclide density
between VAREPD and SERPENT calculations. As shown in Table 5.12, nuclide densities agree
well between the VAREPD and SERPENT calculations. This indicates that the transmutation and
decay chains are adequate for modeling the transmutation of nuclides in the moderated target
assembly and the pin-wise cross sections from SERPENT have been properly processed.
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Table 5.12 Comparison of Depletion Results Calculated with Same Reaction Rates
Nuclide
Np-237
Pu-238
Pu-239
Pu-241
Cm-242
Cm-244

SERPENT
2.869E-03
2.617E-03
6.131E-04
2.082E-04
3.091E-04
2.224E-04

VAREPD
2.869E-03
2.617E-03
6.132E-04
2.082E-04
3.094E-04
2.229E-04

Relative error
0.01%
0.02%
0.02%
0.04%
0.09%
0.20%

Table 5.13 compares the R.M.S. deviations from the SERPENT solution in the nuclide densities
of the moderated target assembly obtained from the VAREPD calculations without and with the
application of the form functions. The flux solutions used in VAREPD calculation were
reconstructed from the VARIANT-xs(a) flux solution, and the group-wise form functions were
obtained from the SERPENT single assembly heterogeneous calculation with reflective boundary
conditions. As shown in Table 5.13, the relative errors are greatly reduced when applying the form
functions. The relative errors for these nuclides are ranging from 3.0% to 7.1%. The statistical
uncertainties of the SERPENT nuclide densities are also shown in Table 5.13, which were obtained
with twenty five SERPENT calculations with different seeds. The statistical uncertainties are
ranging from 0.6% to 4.4%. This result indicates that form functions are necessary for flux
reconstruction for the moderated target assembly.

Table 5.13 R.M.S. Deviation in Nuclide Densities (atoms/barn-cm) between
VAREPD_VARIANT-xs(a) and SERPENT Results
Nuclide
Np-237
Pu-238
Pu-239
Pu-241
Am-243
Cm-242
Cm-244

No form function
Deviation
Relative error
19.5%
8.924E-04
9.1%
2.786E-04
20.2%
1.043E-04
95.7%
5.897E-05
4.8%
8.001E-06
6.9%
2.230E-05
15.3%
2.340E-05

With form function
Deviation
Relative error
5.5%
1.840E-04
3.6%
1.100E-04
4.4%
2.551E-05
7.1%
1.192E-05
4.7%
7.157E-06
3.0%
9.631E-06
4.1%
7.552E-06

2σ error in
SERPENT
0.6%
1.2%
1.8%
2.4%
2.8%
1.0%
4.4%

Table 5.14 compares the R.M.S. deviations from the SERPENT solution in the nuclide densities
at the end of burnup step obtained from the VAREPD calculation with the VARIANT-xs(b) flux
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solution. A similar trend to Table 5.13 is observed, but the R.M.S. deviations in nuclide densities
are increased slightly, ranging from 3.9% to 11.6%. The primary reason for these increased errors
is the inaccurate flux solutions resulting from the inaccurate thermal group scattering matrices of
MC2-3. This is not investigated further at the current moment, since the main purpose of this study
is to test the new method focused on the pin-wise flux reconstruction and burnup calculations.
These results can be updated when the new cross section sets are ready.

Table 5.14 R.M.S. Deviation in Nuclide Densities (atoms/barn-cm) Between
VAREPD_VARIANT-xs(b) and SERPENT Results
Nuclide
Np-237
Pu-238
Pu-239
Pu-241
Am-243
Cm-242
Cm-244

No form function
Deviation
Relative error
17.2%
7.765E-04
6.4%
1.928E-04
22.3%
1.131E-04
82.6%
5.117E-05
5.5%
8.998E-06
5.5%
1.771E-05
12.4%
1.918E-05

With form function
Deviation
Relative error
6.5%
1.995E-04
5.1%
1.552E-04
4.8%
3.104E-05
11.6%
1.747E-05
6.4%
9.770E-06
3.9%
1.258E-05
5.2%
9.541E-06

2σ error in
SERPENT
0.6%
1.2%
1.8%
2.4%
2.8%
1.0%
4.4%

Table 5.15 compares the assembly-averaged transmutation of Np-237 and Am-241 during 12
months calculated with REBUS-3, VAREPD, and SERPENT. The transmuted amount of Np-237
predicted by REBUS-3, VAREPD_VARIANT-xs(a), and VAREPD_VARIANT-xs(b) are
4.359E-04, 4.293E-04, and 4.286E-04, respectively, which are off from the SERPENT result by
0.53%, -0.99%, and -1.13%, respectively. The relative error in the transmuted amount of Am-241
is 3.76% in the REBUS-3 solution, -1.54% in the VAREPD_VARIANT-xs(a) solution, and -2.55%
in the VAREPD_VARIANT-xs(b) solution. Both REBUS-3 and VAREPD predict the assemblyaveraged Np-237 consumption reasonably well. For Am-241, the VAREPD results show better
agreement with the SERPENT solution than the REBUS-3 result. Note that the homogenized cross
sections used in the REBUS-3 calculation were obtained from SERPENT heterogeneous model,
in which effective homogenized cross sections were generated by conserving the assembly
averaged reaction rates. It is concluded that both REBUS-3 and VAREPD provide reasonably
accurate assembly-averaged mass flow data.

103
Table 5.15 Comparison of Assembly-averaged Transmutation (atoms/barn-cm) during 12
Months Calculated with REBUS-3, VAREPD, and SERPENT
Code
SERPENT
REBUS-3
VAREPD_VARIANT-xs(a)
VAREPD_VARIANT-xs(b)

Np-237
Abs. value
Relative error
4.335E-04
-4.359E-04
0.53%
4.293E-04
-0.99%
4.286E-04
-1.13%

Am-241
Abs. value
Relative error
1.093E-04
-1.134E-04
3.76%
1.076E-04
-1.54%
1.065E-04
-2.55%

Conclusions
A new pin depletion method has been developed and implemented into a computer code, VAREPD,
for the prediction of nuclide densities distributions inside the moderated target assembly loaded in
the fast reactor core. The intra-assembly flux distributions was first determined by combining the
form functions obtained from the SERPENT single assembly heterogeneous calculation with
reflective boundary conditions and the reconstructed flux distributions calculated with flux
moment solutions and basis functions of VARIANT. Then, the nuclide density evolution in each
fuel pin is determined by performing pin depletion calculations with the reconstructed fluxes and
the pin-wise cross sections.

The verification test of new pin depletion method was performed for the two-dimensional
LEUBFR mini-core problem. The calculated pin-wise nuclide densities distributions are
satisfactory. The R.M.S. error in the nuclide densities at the end of burnup step is 5.5% for Np237, 3.6% for Pu-238, 4.4% for Pu-239, 3.0% for Cm-242 and 4.1% for Cm-244. The
corresponding two-sigma uncertainties of the reference Monte Carlo solution obtained with the
SERPENT code are 0.6%, 1.2%, 1.8%, 1.0% and 4.4%, respectively. Both REBUS-3 and
VAREPD yield reasonably accurate assembly-averaged transmutation amount of Np-237, and
VAREPD provides a slightly better result on that of Am-241 than REBUS-3.

It is concluded that both VAREPD and the homogenized assembly calculation of REBUS-3 yield
reasonably accurate assembly-averaged nuclide densities. The burnup calculation with
homogenized assembly models provide satisfactory mass flow data for the fuel cycle analysis, but
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for cases that requires accurate assessments of the power and fluence distributions such as the
design optimization or the post irradiation examination, pin depletion calculations are needed. In
addition, it is found that the four short-lived nuclides, Np-238, Np-239, Pu-243, and Am-242 are
necessary to be modeled for the moderated target assembly case.

In general, the largest contribution to the nuclide density error comes from inconsistent flux
solutions between the VARIANT and SERPENT calculations. Relatively large errors are found in
the thermal and epithermal fluxes, especially for fuel assemblies adjacent to the moderated target
assembly. The reason behind this is the inconsistent geometric descriptions of the moderated target
assembly (homogeneous vs. heterogeneous models). This is a well-known problem and many
studies have been devoted to develop the assembly homogenization techniques for the core
calculations [83]. The future work should include the incorporation of assembly equivalence
parameters for the VARIANT calculation, which can directly correct the homogenized cross
sections. It is also recommended to implement the flux weighted branching ratios for the future
analysis.
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6. COMPARATIVE ANALYSIS OF PROPOSED FUEL CYCLE OPTIONS

Using the SFR, ADS and MA target assembly designs discussed in Sections 2, 3, and 4, fuel cycle
performances of the two proposed two-stage fuel cycle options are evaluated. One is the two-stage
fuel cycle option of continuous recycle of plutonium in the first-stage SFR and subsequent burning
of MAs in the second-stage ADS. The other option is the two-stage fuel cycle option with MA
target assemblies employed in SFR to reduce the amount of MAs to be sent to the second-stage
ADS. For comparison, a single-stage fuel cycle option that employs homogeneous recycling of
TRU in SFR was considered as well.

The performance characteristics of these three fuel cycle options were evaluated against the Fuel
Cycle Evaluation Metrics of the Fuel Cycle Options Campaign. For each fuel cycle option, the fuel
cycle data package was prepared for the equilibrium state as the evaluations considered in the
nuclear fuel cycle E&S report [16]. The mass flow data was evaluated for a 100 GWe-yr electricity
production based on the equilibrium cycle calculation. For fair comparison of the amount of fuel
materials used and wastes produced in each fuel cycle option, the same nuclear loss rates of 0.2%
in the fresh fuel fabrication and 1% in the discharged fuel separation were assumed.

First Two-stage SFR/ADS Fuel Cycle Option
Fig. 6.1 to Fig. 6.3 schematically illustrates the first proposed two-stage SFR/ADS fuel cycle
option from the initial to equilibrium states. The first-stage SFR is categorized as the uraniumfueled core (i.e., LEUBFR) and the Pu-fueled core based on the external fuel feed at BOL. The
LEUBFR is operated for the assumed plant lifetime of 60 years starting from an initial uranium
core, and the accumulated uranium and Pu including the core inventory at EOL are used to start
the Pu-fueled SFR. The fuel volume fraction of Pu-fueled SFR was reduced to 35.1% to minimize
the TRU generation while maintaining the fissile break-even with external feed of natural uranium
only. A two-year transition time from a LEUBFR to a Pu-fueled SFR was assumed to account for
the fuel separation, fabrication and reloading. For both SFR cores, Pu and U are co-extracted from
the discharged fuel and recycled back into the reactor. The recovered MAs are sent to the secondstage ADS. The initial HM inventory of ADS is extracted from the discharged fuel of LEUBFR.
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The discharged fuel of ADS is reprocessed, and all the recovered HMs is recycled into the ADS
along with the MAs recovered from the SFR.

Fast Reactor
(U Core)

DF

DU

Pu / RU

Reprocessing

LEU

Surplus Pu

MA
FP

Nuclear Waste
Disposal

Legend:
LEU = Low-Enriched Uranium
RU = Recovered Uranium

DU = Depleted Uranium
MA = Minor Actinides

Nuclear Material
Storage

DF = Discharged Fuel
FP = Fission Products

Fig. 6.1 Schematic of the First Two-stage SFR/ADS Fuel Cycle Option (U Core, LEUBFR,
before Starting ADS)
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Fig. 6.2 Schematic of Transition between U/Pu-fueled SFRs in the First Two-stage SFR/ADS
Fuel Cycle Option
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Fig. 6.3 Schematic of the First Two-stage SFR/ADS Fuel Cycle Option (Equilibrium State)
The performance characteristics of the first proposed two-stage fuel cycle option are summarized
in Table 6.1. The MA generation rate in the Pu-fueled SFR is 6.5 kg/year while the TRU
consumption rate of the ADS is 232.6 kg/year. The number of Pu-fueled SFRs to be supported by
one ADS was estimated to be 37 based on the mass balance of MA at the equilibrium state. With
an assumed separation loss of 1% and a fabrication loss of 0.2%, the Pu-fueled SFR produces only
negligible amount of surplus Pu (0.2 kg/year) for an equilibrium cycle. This surplus Pu would be
burned with MA in the ADS. The Pu-fueled SFR reaches the break-even core after 19 burn cycles
(28.5 years). For the succeeding cycles, the required fresh fuel to maintain the targeted cycle length
(18 months) can be fabricated only with the recycled fuel and natural uranium. The amount of Pu
required to start a Pu-fueled SFR is 3.5 MT, while each reference LEUBFR (LEU-fueled SFR with
a fuel volume fraction of 39.4% and 35.3%) produces 3.7 MT of Pu over its assumed lifetime of
60 years. As a result, 35 LEUBFRs are required to support 37 Pu-fueled SFRs from the Pu mass
balance.
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Table 6.1 Comparison of the First Two-stage Fuel Cycle Performance Parameters
Parameter
Reactor power, MWt
Fuel form
Cycle length, months
Capacity factor, %
Specific power, MW/MT
Number of batches
Average fuel residence time, year
Fuel inventory in core, MT
Charge fuel mass per batch, MT
U
Charge fuel mass
Pu
fraction, %
MAs
Surplus Pu plus EOL Pu inventory, MT
Pu inventory at (BOEC+2)-th cycle feed, MT
Discharged MAs from FR, kg/year
TRU consumption in ADS, kg/year
Number of systems
*

U-fueled
SFR
1000
U-10Zr/
U-Pu-10Zr
18
90
42.5
3/3/4
4.98
22.8
7.2
100/87.2*
0/12.8
0
3.7
------35

Pu-fueled
SFR
1000
U-Pu-10Zr
18
90
47.6
3/3/4
4.98
20.4
6.4
86.7
13.3
0
--3.5
6.5
--37

ADS
840
MA-10Zr
dispersion
6
75
199.6
7/8/8
3.79
4.2
0.6
3.6
38.2
58.2
------232.6
1

BOL/EOL

In order to present the fuel cycle performance in the general form, the mass flow data was evaluated
for a 100 GWe-yr electricity production based on the equilibrium cycle calculation. Electricity
sharing between the first-stage Pu-fueled SFR and the second-stage ADS was determined based
on the mass balance between the recovered MA and surplus Pu mass in the first stage and the
consumed TRU mass in the second stage. TRU was recovered in the first-stage SFR at a rate of 18
kg/GWe-yr, and TRU was consumed by fission in the second-stage ADS at a rate of 958 kg/GWeyr. In order to balance the consumed TRU in ADS and the recovered TRU from SFRs, the
electricity sharing between SFR and ADS is 98.1% to 1.9% for this fuel cycle option.

Table 6.2 shows the mass flow data at equilibrium state estimated for a 100 GWe-yr electricity
generation using the fuel cycle performance parameters. In this table, the signs of (-) and (+)
present the feed to and the product from each system, and the masses in each column show the
mass flow per each technology to support each stage. At the equilibrium state, the SFR is fueled
with 1005.0 MT of U and 153.9 MT of Pu, whereas 904.3 MT of U, 154.2 MT of Pu, 1.7 MT of
MA are recovered from the reprocessing facility. During the reprocessing/separation and fresh fuel
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fabrication processes, 10.7 MT and 2.3 MT of nuclear materials are lost to the waste stream,
respectively. The masses in the last column indicate the required (-) or produced (+) nuclear
material per year needed to generate 100 GWe-yr of electricity. Results show that approximately
102.8 MT of natural uranium would be required for sustaining this two-stage fuel cycle option.
Since the Pu and MA are continuously recycled, this fuel cycle option does not release Pu or MA
except for the loss from the fuel fabrication and separation. For the overall fuel cycle, there are
90.5 MT of FPs and 13.1 MT of HM sent to the repository.

Table 6.2 Mass Flow Data of the First Two-stage SFR/ADS Option (Metric Ton per 100 GWe-yr
at Equilibrium State)
Stage
1
Technology
Fuel
NPPTa
Electricity, GWe-yr
98.1
Feed or product of nuclear materials (MT)
NU
-102.8
Natural
resource
Th
DU
Products
U
+1,005.0 -1,005.0
from fuel or
Pu
+153.9
-153.9
NPPT
technology MA
DF
+1,159.7
RU
-904.3
Products
Pu
-154.2
from
Rep/Sep
MA
technology FP
Lossc
+2.3

Rep/Sep

b

Fuel

2
NPPT
1.9

Rep/Sep

Sum
100.0
-102.8

+0.3
+3.2
+5.5
-1,159.7
+904.3
+154.2
+1.7
+88.7
+10.7

-0.3
-3.1
-5.6
+0.0

-0.3
-3.2
-5.5
+9.0

-9.0
+0.3
+3.0
+3.9
+1.7
+0.1

0.0
0.0
0.0
0.0
0.0
0.0
0.0
+90.5
+13.1

a

NPPT = Nuclear Power Plant / Transmutation
b
Rep/Sep = Reprocessing / Separation
c
Loss of U, Pu and MAs

Compared to the two-stage fuel cycle option based on PWR and ADS [56], the two-stage, fastspectrum fuel cycle option significantly improves the uranium resource utilization and reduces the
loss of HM to the waste stream. For a total energy generation of 100 GWe-yr, the required natural
uranium is reduced from 14,027 MT to 103 MT, and the amount of HM to be sent to the geological
repository is reduced from 26.0 to 13.1 MT.
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The direct use of LEU as the startup fuel of SFR also enhances the uranium resource utilization
relative to the option to generate the startup Pu fuel in current light water reactors (LWRs). If the
TRU recovered from 10-year cooled LWR-used fuel of 50 GWd/t burnup is used as the SFR startup
fuel, a total amount of 4.3 MT of TRU is required to feed a SFR until it reaches a self-sustaining
equilibrium cycle. This requires 303.5 MT of LWR used fuel to be processed. Assuming a U-235
enrichment of 4.2% and an enrichment tail of 0.2%, 2,375.6 MT of natural uranium is required to
fabricate 303.5 MT of LWR fuel. Normalized to the amount of electricity generation, the direct
use of LEU in SFR enhances the uranium resource utilization by a factor of ~1.5. It is noted that
if the comparison is limited to the new uranium resources from the present moment, existing LWR
used fuel requires no new uranium resource.

Second Two-stage SFR/ADS Fuel Cycle Option with MA Targets in SFR
The performance characteristics of the second proposed two-stage SFR/ADS fast spectrum fuel
cycle are presented in this section. As shown in Fig. 6.4, the first stage is a SFR fuel cycle similar
to the counterpart of the first proposed SFR/ADS fuel cycle option discussed in Section 6.1. Pu
and uranium are co-extracted from the discharged fuel and recycled in the first stage, but the
recovered MAs are not sent to the second stage directly. The recovered MAs are made into target
assemblies and incinerated in the first-stage SFR. As discussed in Section 4, the recovered MA
can be effectively converted into fissile nuclides in moderated target assemblies by utilizing their
large capture cross sections in the thermal energy region. The total amount of MA to be sent to
ADS for this fuel cycle option with moderated target assemblies is about one-sixth of that for the
first proposed fuel cycle option discussed in Section 6.1.

The fuel cycle performance of this two-stage fuel cycle option was evaluated with the reference
SFR core and ADS blanket designs. The equilibrium cycle analyses for the first-stage SFR were
discussed in Section 4.6. Using the MAs recovered from the first stage, the equilibrium cycle
calculation was performed for the second-stage ADS. In the equilibrium cycle model of REBUS3, the HM recovered from discharged ADS fuels was used as the primary HM feed and the MAs
recovered from target assemblies and the surplus Pu of the first-stage SFR were used as the external
feed to make up for the TRU consumed by fission. The isotopic composition of the recovered TRU
at equilibrium cycle is presented in Table 6.3. It is noted that the fraction of the high mass actinides
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were increased in the external feed stream. This is mainly due to the successive neutron captures
of actinides in moderated target assemblies. A significant difference is observed in the fraction of
Cm-244 which is mainly produced by the (n, γ) reaction of Am-243 via β decay of Am-244.

Fig. 6.4 Schematic of Second Two-stage SFR/ADS Fuel Cycle Option (Equilibrium State)
Table 6.3 Isotopic Composition of External Feed for ADS in the Second Two-stage SFR/ADS
Option
Nuclide
Np-237
Pu-239
Pu-242
Am-243
Cm-244

%
6.8
2.9
2.3
5.9
41.9

Nuclide
Pu-236
Pu-240
Am-241
Cm-242
Cm-245

%
0.0
1.1
0.4
4.2
2.5

Nuclide
Pu-238
Pu-241
Am-242m
Cm-243
Cm-246

%
18.0
1.4
0.0
0.3
12.1

Table 6.4 presents the equilibrium cycle performance of the sodium-cooled ADS of the second
two-stage fuel cycle option. In the equilibrium core, the HM inventory at BOEC required to
achieve the desired multiplication factor of 0.97 is 3062 kg. The volume fractions of fuel particles
in the charged fuel are 19.4%, 26.2%, and 29.1% in the inner, middle and outer core zones,
respectively. Compared to the second-stage ADS of the first fuel cycle option without target
assemblies, the heavy metal inventory at BOEC is reduced from 4208 kg to 3062 kg because of
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the increased amount of plutonium due to target assemblies. The reduced amount of fuel inventory
increases the average discharge burnup to 25.4% from 19.4%. The peak fast fluence for the ADS
system is 3.98×1023 n/cm2, which is within the design constraint. The burnup reactivity loss is 3.2%
with a six-month cycle length. The power distribution is flattened by enrichment zoning, and as a
result, power peaking factors for each zone are practically the same. The power peaking factors
are similar between BOEC and EOEC, but during burnup, power peaking is shifted from the outer
to the inner zone due to the increased spallation neutron source to maintain the same power level.

Table 6.4 Equilibrium Cycle Performance of ADS in the Second Two-stage SFR/ADS Option
Parameter
Thermal power, MW
Cycle length, EFPD
Capacity factor, %
BOEC heavy metal inventory, kg
Inner zone
Fuel particle fraction,
Middle zone
volume % in matrix
Outer zone
BOEC
Multiplication factor
EOEC
Burnup reactivity loss, %Δk
Core-average power density, kw/l
Power peaking factor at BOEC/EOEC
Inner zone
Peak linear power,
Middle zone
kW/m
Outer zone
Average discharge burnup, atom %
Peak fast fluence, 1023 n/cm2
Net TRU consumption rate, kg/year
FR TRU
Equilibrium loading,
Recycled HM
kg/year
Total HM

ADS
840
135
75
3062
19.4
26.2
29.1
0.97065
0.93894
3.2
247.6
1.51/1.51
36.1
34.4
35.0
25.4
3.98
256
256
664
920

Using the performance parameters of LEUBFR and ADS, the mass flow data at the equilibrium
state for the second proposed two-stage fuel cycle option were assessed for a nuclear fleet of 100
GWe-yr electricity production. TRU are recovered in the first-stage SFRs at a rate of 3 kg/GWeyr, and they are consumed by fission in the second-stage ADSs at a rate of 1045 kg/GWe-yr. Based
on the TRU production and consumption rates, the electricity sharing between SFRs and ADSs in
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the nuclear fleet was estimated to be 99.7% to 0.3%. The decrease in demand for ADS results from
the reduced amount of MA from the first-stage SFR.

Table 6.5 shows the mass flow data at equilibrium state estimated for a 100 GWe-yr electricity
generation. In this table, the signs of (-) and (+) present the feed to and the product from each
system, and masses in each column show the mass flow per each technology to support each stage.
At the equilibrium state, the SFR is fueled with 1045.7 MT of U, 159.2 MT of Pu and 3.3 MT of
MA, whereas 944.6 MT of U, 159.5 MT of Pu, 3.6 MT of MA are recovered from the reprocessing
facility. During the reprocessing/separation and fresh fuel fabrication processes, 11.2 MT and 2.4
MT of nuclear materials are lost to the waste stream, respectively. The masses in the last column
indicate the required (-) or produced (+) nuclear material per year needed to generate100 GWe-yr
of electricity. Results show that approximately 103.2 MT of natural uranium would be required
for sustaining the second proposed two-stage fuel cycle option. Since the Pu and MA are
continuously recycled, this fuel cycle option does not release Pu or MA except for the loss from
the fuel fabrication and separation. For the overall fuel cycle, there are 88.9 MT of FPs and 13.6
MT of HM sent to the repository.

Table 6.5 Mass Flow Data of the Second Two-stage SFR/ADS Option (Metric Ton per 100
GWe-yr at Equilibrium State)
Stage
1
Technology
Fuel
NPPT
Electricity, GWe-yr
99.7
Feed or product of nuclear materials (MT)
NU
-103.2
Natural
resource
Th
DU
Products
U
+1,045.7 -1,045.7
from fuel or
Pu
+159.2
-159.2
NPPT
MA
+3.3
-3.3
technology
DF
+1,209.0
RU
-944.6
Products
Pu
-159.5
from
Rep/Sep
MA
-3.3
technology FP
-1.6
Loss
+2.4

Rep/Sep

Fuel

2
NPPT
0.3

Rep/Sep

Sum
100.0
-103.2

+0.0
+0.4
+0.6
-1,209.0
+944.6
+159.5
+3.6
+90.2
+11.2

-0.0
-0.3
-0.7
+0.0

-0.0
-0.4
-0.6
+1.0

-1.0
+0.0
+0.3
+0.4
+0.3
+0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
+88.9
+13.6
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Single-stage Fast Reactor Option with Homogeneous Recycle of TRU in SFR
For comparison purposes, a single-stage fuel cycle option with homogeneous recycling of TRU
(Pu and MAs) in LEUBFR was evaluated in addition to the two-stage options of recycling of MA
in separate target assemblies and ADS. As illustrated in Fig. 6.5, in the homogeneous recycling
option, TRU is recycled in the fuel assemblies without partitioning into Pu and MA streams, which
could reduce the proliferation risk. In sodium-cooled fast reactors with oxide fuel, the
concentration of MAs in the fuel needs to be limited not to affect the core characteristics. In general,
the reactivity coefficients (e.g. void reactivity and Doppler reactivity effects) deteriorate with
increasing MA contents. Thus, safety implications should be examined carefully as the MAs
increases in the core. A recent study [84] has suggested that 5% of MA content in the HM could
be set as a preliminary limit for the medium and small size fast reactor.

DF

Reprocessing

DU

Fast Reactor
(U/Pu Core)

U/TRU
FP

Nuclear Waste
Disposal

Fig. 6.5 Schematic of Single-stage Fuel Cycle Option
The equilibrium cycle calculations were performed to analyze the performance of this fuel cycle
option at the equilibrium state. Again, using the fuel cycle performance parameters of LEUBFR
core, the mass flow data was assessed for a nuclear fleet of 100 GWe-year electricity production.
Table 6.6 shows the mass flow data at equilibrium state estimated for a 100 GWe-yr electricity
generation. In the table, the signs of (-) and (+) present the feed to and the product from each
system, and masses in each column show the mass flow per each technology to support each stage.
At the equilibrium state, the SFR is fueled with 1003.0 MT of U and 161.9 MT of TRU, whereas
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902.4 MT of U and 162.2 MT of TRU are recovered from the reprocessing facility. During the
reprocessing/separation and fresh fuel fabrication processes, 10.8 MT and 2.3 MT of nuclear
materials are lost to the waste stream, respectively. The masses in the last column indicate the
required (-) or produced (+) nuclear material per year needed to generate100 GWe-yr of electricity.
Results show that approximately 102.6 MT of natural uranium would be required for sustaining
this fuel cycle option. Since the Pu and MA are continuously recycled, this fuel cycle option does
not release Pu or MA except for the loss from the fuel fabrication and separation. For the overall
fuel cycle, there are 90.4 MT of FPs and 13.1 MT of HM sent to the repository.

Table 6.6 Mass Flow Data of Single-stage Fuel Cycle Option (Metric Ton per 100 GWe-yr at
Equilibrium State)
Stage
1
Technology
Fuel
NPPT
Electricity, GWe-yr
100.0
Feed or product of nuclear materials (MT)
NU
-102.6
Natural
resource
Th
DU
Products from
U
+1,003.0 -1,003.0
fuel or NPPT
TRU
+161.9
-161.9
technology
DF
+1,165.8
-902.4
Products from RU
Rep/Sep
TRU
-162.2
technology
FP
Loss
+2.3

Rep/Sep

Sum
100.0
-102.6

-1,165.8
+902.4
+162.2
+90.4
+10.8

0.0
0.0
0.0
0.0
0.0
+90.4
+13.1

The transitional cycle characteristics of homogenous recycling in the LEUBFR core were also
evaluated by an explicit cycle-by-cycle analysis over an assumed plant lifetime of 60 years. The
same fuel management scheme used in the equilibrium core was employed for this TRU-recycling
core. Since the pyroprocessing of metal fuel would not require a long cooling time of spent fuel,
it was assumed that the recovered TRU from the discharged fuels at the end of n-th cycle could be
recycled into the core at the beginning of (n+2)-th cycle. The reprocessing loss rate of 0.1% is
assumed in the mass flow evaluation. With this fuel management scheme, the U, Pu as well as
MAs are co-extracted from the discharged fuel and recycled into SFR from the third cycle. The
evolution of recycled fuel composition during operating cycles is provided in Figure 5.6. It can be
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noted that the Pu and MA content increases monotonically with burnup cycles. The Pu and MA
content in the recycled fuel are 13.6% and 0.5%, respectively, in the last cycle of the assumed 60year plant lifetime.
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Fig. 6.6 Evolution of Recycled Fuel Composition vs. Burn Cycle of LEUBFR Core
Comparative Study on Three Fuel Cycle Options
The fuel cycle performance parameters of three proposed fuel cycle options have been evaluated
in Section 6.1 to Section 6.3. The considered fuel cycle options were two two-stage fuel cycle
options (consisting of first-stage SFR with and without MA target assemblies and second-stage
ADS) and a single-stage fuel cycle option of homogeneous recycle of TRU in SFR. The results
from the equilibrium cycle analysis showed that the three fuel cycle options could achieve high
reduction in the actinide inventory because of the continuous recycle of the Pu and MA. The three
fuel cycle options do not release Pu or MA to the geological repository except for the loss from
the fuel fabrication and separation. For the fuel cycle options with closed fuel cycle, the
reprocessing loss and the fission products dominate the nuclear waste management performance.
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To evaluate the nuclear waste management performance of the three fuel cycle options,
radiotoxicity values were estimated using the International Commission on Radiation Protection
data [85] and the ORIGEN2 [86] code. Based on the mass flow data and one-group cross sections
obtained from REBUS-3 calculations, the detailed composition of discharged fuel was obtained
through modeling of the irradiation with ORIGEN2. This composition was then decayed during
the one-year cooling time and recycled elements (99% of the U and Pu) were removed to estimate
the radioactivity of the high level waste for each fuel cycle option. The potential radiological risk
of the waste was also shown by calculating the inhalation and ingestion toxicity and the decay heat
of nuclear waste at 10, 100, and 100,000 years after fuel discharge. In the evaluation, the mass of
radioactive waste was analyzed with a normalized quantity per unit of electricity generation
(t/GWe-yr) and only high-level wastes were considered. The high-level wastes considered for
these fuel cycle options include the fabrication and reprocessing losses, and the fission products.
The depleted uranium and the activation products were not considered in this evaluation.

Table 6.7 presents the nuclear waste management parameters of three fuel cycle options. The total
radioactivity in terms of the inhalation and ingestion toxicity and the decay heat showed similar
trend for the first proposed two-stage fuel cycle option and the single-stage fuel cycle option. Since
all the actinides are recycled in these fuel cycle options, the level of radiotoxicity in each
transmutation scenario is correlated to the fuel inventory. The second proposed two-stage fuel
cycle option contains about 5% more radioactivity than the other two options due to the increased
fuel inventory. Since the LLFPs (Tc-99, I-127 and I-129) were loaded and recycled in the target
assemblies, the waste management parameters were also evaluated by considering the SFR with
transmutation of LLFPs. The calculation results showed that Tc-99 plays a significant role in the
long-term activity. If all the Tc-99 is continuously recycled, the activity value and decay heat at
100,000 year after fuel discharge are reduced by 55% and 7%, respectively.

The calculated activity for all the fuel cycle options identified in Table 6.7 shows behavior similar
to that of the EG24 in nuclear fuel cycle E&S report [16]. In the EG24 evaluation group, TRU is
continuously recycled and the entire fission product is sent to disposal together with the
reprocessing loss. The transmutation scenario of continuous recycling of TRU have been
considered as an option which constantly provides the lowest values of inhalation and ingestion

Table 6.7 Comparison of Nuclear Waste Management Parameters for Proposed Fuel Cycle Options
Years after disposal
SFR/ADS
SFR
two-stage
ADS
fuel cycle
Total
SFR/ADS
SFRa
two-stage
Activity due to Tc-99
fuel cycle
Contribution of Tc-99
with MA
FR_transmutation of Tc-99
targets
ADS
Totalb
Homogeneous recycling of TRU in SFR
a
b

Activity, Curies/GWe-yr
10 yr
100 yr
100,000 yr
6.82E+06
7.74E+05
4.72E+02
1.50E+05
1.80E+04
1.66E+01
6.97E+06
7.92E+05
4.89E+02
7.31E+06
8.30E+05
5.10E+02
3.91E+02
3.91E+02
2.83E+02
0%
0%
55%
7.31E+06
8.30E+05
2.27E+02
2.28E+04
2.53E+03
1.71E+00
7.33E+06
8.33E+05
2.29E+02
6.97E+06
7.92E+05
4.89E+02

Toxicity inhalation, Sv/GWe-yr
10 yr
100 yr
100,000 yr
2.65E+10
1.67E+10
1.69E+08
2.01E+10
6.94E+09
6.50E+06
4.66E+10
2.36E+10
1.75E+08
4.25E+10
2.15E+10
1.76E+08
1.88E+05
1.88E+05
1.36E+05
0%
0%
0%
4.24E+10
2.15E+10
1.76E+08
2.47E+09
3.68E+08
5.23E+05
4.49E+10
2.19E+10
1.76E+08
4.68E+10
2.41E+10
1.75E+08

No transmutation of LLFP in SFR
Sum of parameters of SFR with transmutation of Tc-99 and ADS

Years after disposal
SFR/ADS
SFR
two-stage
ADS
fuel cycle
Total
SFR/ADS
SFR
two-stage
Activity due to Tc-99
fuel cycle
Contribution of Tc-99
with MA
FR_transmutation of Tc-99
targets
ADS
Total
Homogeneous recycling of TRU in SFR

Toxicity ingestion, Sv/GWe-yr
10 yr
100 yr
100,000 yr
2.09E+09 2.73E+08 3.91E+05
8.38E+07 1.94E+07 5.98E+04
2.18E+09 2.93E+08 4.50E+05
2.27E+09 3.00E+08 4.45E+05
9.27E+03 9.26E+03 6.69E+03
0%
0%
2%
2.27E+09 3.00E+08 4.39E+05
1.16E+07 1.51E+06 3.21E+03
2.28E+09 3.02E+08 4.42E+05
2.18E+09 2.94E+08 4.55E+05

Decay Heat, W/GWe-yr
10 yr
100 yr
100,000 yr
1.82E+04 2.09E+03
1.78E+00
6.09E+02 1.01E+02
1.97E-01
1.88E+04 2.19E+03
1.98E+00
1.97E+04 2.27E+03
1.98E+00
1.96E-01 1.96E-01
1.42E-01
0%
0%
7%
1.97E+04 2.27E+03
1.84E+00
9.51E+01 9.70E+00
1.14E-02
1.98E+04 2.28E+03
1.85E+00
1.88E+04 2.20E+03
1.99E+00

Mass,
t/GWe-yr
1.04
0.02
1.06
1.11
0.02
1.11
0.00
1.11
1.06
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toxicity and the decay heat [87]. These results from the equilibrium cycle analysis showed that the
three fuel cycle options are capable of achieving the transmutation goal. They could reduce the
nuclear waste generation significantly compared to the currently employed once-through fuel cycle.

In addition to the nuclear waste management performance, the resource utilization in each fuel
cycle was examined. Since the high internal conversion in the SFR, no uranium enrichment was
required for the SFR in each fuel cycle at the equilibrium state. Table 6.8 summarizes the
performance characteristics of fuel cycle options. For the three fuel cycle options, the mass flow
data was similar and about 100 MT of natural uranium would be required for producing 100 GWe
electricity per year. A slight increase in the natural uranium requirement of the second proposed
SFR/ADS two-stage fuel cycle option was due to the absorption of fission neutrons by non-fuel
material. The capture reaction rate of non-fuel material in the target assemblies was increased by
a factor of 2.6 relative to that in the reflectors with the same number of assemblies. Note that the
high content of zirconium presented in the target assemblies resulted in an increased fuel
requirement in the fuel cycle with target assemblies.

Table 6.8 Comparison on Equilibrium Cycle Performance for Proposed Fuel Cycle Options
TRU recycle option
Electricity sharing of ADS in SFR/ADS nuclear fleet, %
Natural U resource required
Mass flow
(MT) per 100 Separation/fabrication loss of U
GWe-yr
Separation/fabrication loss of TRU
Average discharge Fuel/Target in SFR
Core
burnup, GWd/t
Fuel in ADS
performance
Fuel/Target in SFR
TRU fraction of
parameters
HM inventory, %
Fuel in ADS

Pu in SFR/
MA in
ADS
1.9
102.8
11.1
2.0
77.2
190.6
14.2
96.4

With MA
targets in
SFR
0.3
103.2
11.6
2.0
74.5/265.4
250.0
14.2/100
98.2

Homo.
Recycle of
TRU in SFR
0
102.6
11.1
2.0
78.3
-14.8
--

For the fuel assemblies, the average discharge burnup was determined to be approximately 75
GWd/t and the TRU fraction of HM inventory in the two two-stage fuel cycle options was 14.2%
while that increased to 14.8% in the single-stage fuel cycle option with homogeneous recycling of
TRU in SFR. Since LLFP pins were used as the thermal neutron filters in the target assemblies, a
transmutation fraction of 14.5% in LLFPs is attained in the fuel cycle with MA target assemblies
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in SFR. The accumulated LLFPs to be send to repository could be further reduced by loading
multiple targets with a larger amount of LLFPs. The reduced amount of accumulated Tc-99 will
result in a significant reduction of activity at 100,000 year after fuel discharge.

The TRU can be recycled with different approaches. The second option shown in Table 6.8 is
known as the heterogeneous recycling option that concentrates the MA in a moderated target
assembly. As explained above, the third option in Table 6.8 is so called homogeneous recycling
which incorporates the MA as a minority part of the nuclear fuel. For detailed comparison of two
recycling options, the capture cross sections and the transmutation rates of equilibrium cycle were
extracted from the REBUS-3 fuel cycle analyses and compared in Table 6.9. At the equilibrium
state, the total transmutation rate (sum of capture and fission reaction rates) of MA was similar in
both recycling options. As shown in Table 6.9, the MA inventory in the homogeneous and
heterogeneous recycling options were 102.1 kg and 32.3 kg, respectively. In the fuel assemblies,
the cross sections were comparable for both cases but the transmutation rate was larger in the
homogeneous recycling option than that in the heterogeneous recycling option due to the larger
amount of MA inventory. On the other hand, the one-group microscopic capture cross section in
the moderated target assembly was about eight times larger than that in the fuel region while the
total flux level in target assembly is two orders of magnitude lower than that in the fuel region.
Considering the high concentrated MA and the enhanced capture cross sections in the target
assembly, the transmutation rate in the target assemblies is only slightly less than that in the fuel
region of homogeneous recycling option. For the heterogeneous recycling option, the
transmutation rate could be further improved by increasing the MA loading in the target assemblies.

Table 6.9 Transmutation Data of Homogeneous and Heterogeneous Recycling Options
Recycle option
MA inventory, kg
One-group capture XS of MAs, barn
One-group fission XS of MAs, barn
Total flux, neutron-cm/sec
Fast flux fraction, %
Capture reaction rate of MAs, 1/sec
Fission reaction rate of MAs, 1/sec

Homogeneous
Fuel assembly
102.1
2.81
0.91
1.23E+22
66.6
1.87E+17
4.09E+16

Heterogeneous
Fuel assembly
Target assembly
18.8
13.5
2.97
21.9
0.79
6.5
1.18E+22
1.84E+20
67.1
33.4
8.29E+16
1.47E+17
1.89E+16
7.06E+15
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7. SUMMARY, CONCLUSIONS AND FUTURE WORK

The primary objective of this work was to develop the fuel cycle options that minimize the nuclear
waste generation using sodium-cooled fast reactor systems. In addition, this study aims to develop
a new method that improves the accuracy in analyzing one of the developed options that includes
moderated target assemblies in the fast reactor core. This document summarizes the objectives and
lines of work focused on design studies and performance analyses of TRU transmutation in fast
reactor systems, the development of new depletion method, and the assessment of how well the
design meets the objectives.

Two-stage Fuel Cycle Overview
To minimize the nuclear wastes to be sent to the geological repository, two two-stage fast spectrum
fuel cycle options were proposed based on the intrinsic nuclear characteristics of SFRs. One is a
two-stage fuel cycle option of continuous recycle of plutonium in SFR and subsequent burning of
MAs in ADS (Option 1). The other is a two-stage SFR/ADS fuel cycle option with MA targets
employed in SFR to reduce the amount of MAs to be sent to the second-stage ADS (Option 2).
For comparison, a single-stage fast reactor fuel cycle with homogeneous recycling of TRU was
considered as well (Option 3). The SFR starts with LEU fuel, and at the equilibrium cycle, the
SFR operates with the recovered Pu and natural uranium only without supporting LEU. Pu and
uranium are co-extracted from the discharged fuel and recycled in SFR. The recovered MAs are
directly sent to the second-stage ADS in the first option, but in the second option, they are partially
incinerated in SFR to reduce the amount of MAs to be sent to the second-stage ADS. The same
SFR concept was employed to the single-stage fuel cycle option as well.

System Design Studies
To evaluate the proposed fuel cycle options, design studies were performed to develop reference
designs for a 1000 MWt sodium-cooled fast reactor core, named LEUBFR (LEU-fueled Breakeven Fast Reactor), an 840 MWt sodium-cooled ADS blanket, and a moderated MA target
assembly. The reference core designs for SFR and ADS and the reference assembly design for MA
target were developed through a detailed neutronics and thermal-hydraulic analyses. Fuel cycle
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analyses were performed with the DIF3D/REBUS-3 code system. Using 3-dimensional
hexagonal-z geometry models, equilibrium and non-equilibrium cycle analyses were performed.
Region-dependent, 33-group neutron cross section sets and 21-group gamma cross sections were
generated using the MC2-3 code and the ENDF/B-VII.0 data. The cross sections of moderated MA
target assemblies were generated by combining MCNP6 and MC2-3 calculations. Reactivity
coefficients and kinetics parameters were calculated using the VARI3D perturbation theory,
DIF3D diffusion, and VARIANT transport codes. Coupled neutron and gamma heating
calculations were performed using the DIF3D and GAMSOR codes. Thermal-hydraulic analyses
were carried out using the SE2-ANL sub-channel analysis code. The radioactivity of the nuclear
waste was calculated with the ORIGEN2 code.

Starting from a metal fuel core design of 1000 MWt ABR, a compact core configuration was
developed for LEUBFR by increasing the active core height and replacing six primary control
assemblies with fuel assemblies. Using this core configuration, parametric studies were performed
to determine the maximum fuel volume fraction within the imposed thermal design constraints. A
maximum fuel volume fraction of 39.4% was selected to maximize the natural resource utilization
for the initial LEU core. The U-235 enrichment of the LEU startup core was 13.6% and a fuel
break-even core was reached after 14 cycles. For subsequent cycles, the fuel volume fraction was
reduced to 35.1% to minimize the surplus TRU generation by maintaining a fuel break-even core.

For the LEUBFR core, the peak fast fluence are within the assumed limit of HT-9 cladding. The
evaluated reactivity coefficients for the LEUBFR core provide sufficient negative feedbacks, and
the control systems provide more than adequate shutdown margins. In addition, the integral
parameters for the quasi-static reactivity balance analysis indicated that the LEUBFR core has
passive safety features. The whole-core sub-channel thermal-hydraulic analyses showed that the
peak cladding inner wall and fuel centerline temperatures including 2-sigma uncertainties satisfy
the imposed thermal design limits for all the fuel assemblies. These analysis results indicate that a
SFR break-even core would be feasible while satisfying the imposed thermal and material related
design constraints.
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An 840 MWt sodium-cooled ADS blanket design was developed by utilizing uranium-free
metallic dispersion fuel in which MA-10Zr fuel particles are dispersed in a zirconium metal matrix.
This design study was built upon the previous studies for 840 MWt ATW blanket designs with
LBE and sodium coolants. At the equilibrium fuel cycle, the charged fuel contains TRU recovered
from the discharged ADS fuel, supplemented by the MA recovered from the first-stage SFR. The
840 MWt ADS incinerates TRU at a rate of 232.6 kg/year, and thus it can support 37 SFRs based
on the mass balance of MA at the equilibrium state.

Using MA-40Zr target composition and ZrH1.6 moderator, an optimum MA target assembly design
was developed. To maximize the MA destruction within the practical thermal design limits on the
cladding inner wall temperature, an optimum volume fraction of moderator was determined to be
39.2%. The resulting target assembly contains 169 pins of 9.5 mm diameter and has the same
assembly dimensions as the fuel assembly in the core. 24 MA target pins, 127 moderator pins, 9
technetium pins and 9 calcium iodide pins are almost evenly distributed in the target assembly.
The technetium and calcium iodide pins are used as thermal neutron filters to reduce the local
power peaking in the adjacent fuel assemblies due to the thermal neutron leakage from the
moderated target assembly.

Detailed sub-channel thermal-hydraulics analyses showed that the SFR core with six moderated
target assemblies in the reflector region satisfy all the imposed design limits on the peak cladding
inner wall and fuel centerline temperatures. The calculated core reactivity coefficients and kinetics
parameters as well as the reactivity control requirements and shutdown margins confirmed that the
presence of target assemblies would not have a significant impact on the safety parameters. In
addition, the integral reactivity parameters for the quasi-static reactivity model showed that the
passive safety features of the first-stage SFR remained unchanged.

Development of Pin Depletion Method
For the fuel cycle Option 2, the less energetic neutrons in the moderated target assembly enhance
the transmutation performance. It is found that the use of moderated target assemblies in SFR
reduces the number of required second-stage ADS by a factor of six without deteriorating safety
characteristics. However, the reduced mean free path of neutrons in moderated target assembly
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presents a potential challenge to the conventional homogenized method used in fast reactor
neutronics analyses. Thus, a pin depletion method based on VARIANT transport solutions was
developed and implemented in a computer code named VAREPD to examine the fuel inventory
change inside the moderated target assembly.

The verification test results indicated that the new pin depletion method can accurately retrieve the
nuclide density distribution inside the moderated target assembly. The R.M.S. error in the nuclide
densities at the end of cycle is 5.5% for Np-237, 3.6% for Pu-238, 4.4% for Pu-239, 3.0% for Cm242 and 4.1% for Cm-244. The corresponding two-sigma uncertainties of the reference Monte
Carlo solution obtained with the SERPENT code are 0.6%, 1.2%, 1.8%, 1.0% and 4.4%,
respectively. It was also found that both the VAREPD and the homogenized assembly calculation
of REBUS-3 yield reasonably accurate assembly-averaged nuclide densities. In addition, it is
found that the four short-lived nuclides, Np-238, Np-239, Pu-243, and Am-242 are necessary to
be modeled for the moderated target assembly case.

Comparison of Fuel Cycle Performance
The fuel cycle performance was evaluated based on the mass flow data for a nuclear fleet of 100
GWe-yr electricity production. Based on the TRU production and consumption rates, the
electricity sharing between SFR and ADS in a nuclear fleet was estimated to be 98.1% to 1.9% for
Option 1, and 99.7% to 0.3% for Option 2, respectively. For Option 1, approximately 102.8 MT
of natural uranium would be required for the 100 GWe-yr electricity production. For the overall
fuel cycle, there are 90.5 MT of FPs and 13.1 MT of HM sent to the repository. For Option 2,
about 103.2 MT of natural uranium is required to support this two-stage fuel cycle option and there
are 88.9 MT of FPs and 13.6 MT of HM sent to the repository. For Option 3, the mass flow data
to produce 100 GWe-yr electricity were similar to Options 1 and 2. The MA content of fuel at the
end of the assumed plant lifetime of 60 years was less than 1%. Since the amount of MAs generated
in the LEUBFR core was relatively small, the presence of the small amount of MAs should not
affect the core characteristic of the LEUBFR core.

All the three fuel cycles considered can be operated with natural or depleted uranium only at the
equilibrium state, since all the uranium, plutonium and MAs are continuously recycled. Relative
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to the single-stage fast reactor with TRU fuel, the SFRs in the two-stage fuel cycle options may
have potential benefits from the fuel fabrication and reprocessing points of views [88]. In the twostage fuel cycles where TRU elements are partitioned into Pu and MA streams, the normal fuel
fabrication methods can be applied to the most of the fuel assemblies since all the MA are
concentrated in a few ADSs or in a few target assemblies. On the other hand, the single-stage fuel
cycle option may have the economic advantage over the two-stage fuel cycle options. Moreover,
co-extraction of Pu and MA would reduce the proliferation risk.

General Conclusion and Future Work
General conclusions on the fuel cycle development include:

1. All three proposed fuel cycle options showed similar performances in terms of natural
uranium utilization and waste generation. The results from the equilibrium cycle analysis
showed that the three proposed fuel cycle options could achieve high reduction in waste
generation because of the continuous recycle of the Pu and MAs.

2. The mass flow data showed that the proposed two-stage fast spectrum fuel cycle options
increase the efficiency of natural uranium utilization and reduce the nuclear waste
generation compared to the conventional two-stage fuel cycle options based on thermal
and fast spectrum systems.

General conclusions on the newly developed pin depletion method include:

1. Both VAREPD and homogenized assembly calculation of REBUS-3 yield reasonably
accurate assembly averaged nuclide densities. It is concluded that the burnup calculation
with homogenized assembly models provide satisfactory mass flow data for the fuel cycle
analysis but the new pin depletion method would be required in the design optimization
and the post irradiation examination, in which an accurate assessment of temperature and
fluence distributions is important.
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2. For the burnup calculation of moderated target assembly, four short-lived nuclides, Np238, Np-239, Pu-243, and Am-242 are needed to be included in the transmutation and
decay chains due to theirs large transmutation cross sections in the thermal energy region.

The new method developed for analyzing moderated target assembly in this study only focused on
the demonstration of the necessity of pin depletion calculation. The accuracy of the new pin
depletion method strongly depends on the VARIANT transport solutions. The incorporation of
assembly equivalence parameters for the VARIANT calculation is recommend for future work,
which accounts for the heterogeneous effects in core calculations by directly correcting the
homogenized cross sections. In addition, it would be better to use the MC2-3 with enhanced
capability for thermal cross section generation to complete the analysis.
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